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ON THE CONDITIONS IN THE INTERIOR OF A STAR 
By A. S. EDDINGTON 


I have described a theory of the interior of a gaseous star in two 
papers in the Monthly Notices of the Royal Astronomical Society. 
After two years’ experience it has become possible to make some 
simplifications in the treatment, and I hope that the following 
explanation of the theory will be more easily understood. The 
investigation applies to giant stars of density so low that the laws 
of a perfect gas are applicable. 

At a point in the star distant r from the center, let P be the 
pressure, T the temperature, p the density, and g the acceleration 
of gravity. The ordinary equation of hydrostatics is 


dp 
Y bahoe (1) 


It is characteristic of the present theory that the pressure 
of radiation plays an important part in the equilibrium of the 
star, and we shall include its effects in the equations. The pres- 
sure P is accordingly made up of the ordinary gas-pressure p and 
the radiation-pressure pr. The latter is equal to 3E, where E is 


* 77, 16, 596, 1916-1917. 


205 














206 A. S. EDDINGTON 


the amount of radiant energy in a cubic centimeter. This may be 
seen as foilows: 

Consider the momentum entering and leaving a centimeter 
cube through one of its faces. We may simplify the problem by 
resolving the energy into six equal trains of waves proceeding in 
directions +x, —x, +y, —y, +2, —2, respectively, each containing 
energy %E per cubic centimeter. If c is the velocity of light, the 
energy crossing any face in a second will be that contained in a 
column of length c; that is to say, energy }Ec will leave the cube 
and %Ec will enter through that face. But according to Poynting’s 
law the momentum carried by a beam of light is 1/c times the 
energy. Thus §E units of outward momentum leave the cube 
and gE units of inward momentum enter the cube through this 
face per second. The net result is a gain of }E units of inward 
momentum, which is equivalent to a pressure 4E acting on the 
face." The same result may be obtained more rigorously by 
integrating the effects of waves in all directions. 

It is well known that the radiant energy in unit volume is pro- 
portional to the fourth power of the absolute temperature, so that 


E=aT‘ 


where a is a universal constant equal to 7.06 - 10~*’, the units being 
the erg, centimeter, and degree centigrade. Hence 


pr=3aT' (2) 


and 
p=p+ 4aT! (3) 


We obtain another equation by considering the flow of heat 
through the star. It is fairly obvious that the flow will be pro- 
portional to the gradient of the energy-density dE/dr, and inversely 
proportional to the opacity of the material. The rigorous deriva- 
tion of the equation has been given by me elsewhere,’ and also by 

* Remembering that the energy of light-waves is half kinetic and half potential, 


the pressure is two-thirds of the kinetic energy in unit volume, which is exactly the 
same result as for the pressure of gas molecules. 


2 Monthly Notices, 77, 18-19, 1916-1917. 
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Jeans," and it seems unnecessary to repeat it. The following 
general argument will serve our purpose. ‘The radiation is being 
forced through matter, as through a sieve, by the pressure acting on 
it. Ina steady state the flow will be proportional to the pressure- 
gradient dpr/dr, and inversely proportional to the obstruction of 
the matter. The obstruction will be proportional to the density p 
and to the specific absorptive power k of the material. Hence 
if H is the outward flow of energy per square centimeter per 
second, 


iss 1 dpr 

H=constant X ie 

On examining the dimensions of this equation, the constant is 
found to have the dimensions of velocity. Now c is the only 
velocity with which we are concerned. We thus obtain 


kp dr (4) 


The absence of any numerical multiplier could not be deduced by 
the argument given here, but it is justified by the more rigorous 
discussions referred to. The meaning of the mass-coefficient of 
absorption & is that a layer of material of density p and thickness 
dr will absorb or scatter the fraction kpdr of the radiation traversing 
it. Equation (4) applies only as long as the net flow of heat in any 
direction is small compared with the gross flow in all directions, and 
it becomes inaccurate near the photosphere of a star. 
From (1) and (4) we can eliminate dr, obtaining 


Cc 
dp= 4, dbe (5) 


We shall now make certain approximations, which it will be 
more easy to justify after deducing the consequences. The fact is 
that I originally made them expecting to obtain only crude results, 
but they appear to be verified very closely by observation. 


* Monthly Notices, 78, 28-31, 1917. 
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I assume that the absorption-coefficient k can be treated as 
constant throughout the star. I further assume that H is propor- 
tional to g throughout the star. In that case we can write 


ai 1—£8, a constant for the star, (6) 


gc 
and (5) can be integrated at once, giving 


pr=(1—86)P (7) 
so that 
p= 6p (8) 
If L is the total radiation of the star (practically its absolute 
luminosity), M its mass, R its radius, and G the constant of gravita- 
ticn, then at the boundary 


L=4rR’H 
and 
g=GM/R?’. 
Thus (6) gives 
ab ee 8 
47CcGM . 
or 
b= M(s—8) (9) 


It is true that our equations fail just short of the boundary of the 
star; but clearly the value of the left side of (6) just within the 
boundary will be continuous with the value at the boundary, so 
that no appreciable error is caused by taking the boundary values. 

The law of a perfect gas is that p varies as pT, or 


p=® or (10) 


where m is the molecular weight, or average weight of the ultimate 
independent particles in terms of the hydrogen atom as unit, and 
& is the universal gas-constant, whose value is 8.29 + 10’. 
From (2) and (7) 
r=" 
and by (8) and (10) a 


iad del 
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Hence, eliminating T, 


p=xp! (11) 
where 
Be ee) 
<=( ome (12) 
Equation (11) and the hydrostatic equation 
dp : 


together determine the condition of. equilibrium of the star. 

The solution of these equations is a rather difficult problem 
involving quadratures, but fortunately it has been fully treated by 
Emden in his book Gaskugeln in connection with an entirely 
different theory of stellar equilibrium. We can use his results. 

In finding the solution for a particular star we may suppose that 
the mass M, radius R, and molecular weight m are given. Since 
8 is unknown, the constant «x is at our disposal, and we must deter- 
mine it so that in the solution the star actually does terminate at 
the radius R and contain the assigned mass. Suppose we have 
found x for a star of unit mass, unit radius, and unit molecular 
weight. If we multiply all our lengths by R and all our masses by 
M, we shall have a star of radius R and mass M. The densities 
at corresponding points will be multiplied by M/R:, and the values 
of g by M/R?. Putting in these factors in (13), we see that the 
values of P will be multiplied by M?/R‘. But (11) then gives 


M? M\! 
Rs =K( 


so that x must be multiplied by M! in order that the solution may 
still fit. Thus by (12) 
3R*(1—B)\! 
(eee) <M 
giving the equation 
1—8=constant XK M?m4p4 (14) 

to determine 8. 

The most important result is that R has disappeared, so that , 
the value of 8 depends on the mass, but mot on the radius, of the 
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star. Since it is unlikely that the molecular weight will alter 
appreciably, 8 will remain constant throughout the evolution of a 
star until it becomes too dense to behave as a perfect gas. 

Accordingly by (9) RL is constant for stars of the same mass. 

The luminosity (or more strictly the total radiation) of a giant star 
is, for a given mass, inversely proportional to its opacity and is other- 
wise independent of its density or stage of evolution. 

If the opacity is the same for all stars, we have an explanation 
of the well-known result that the average luminosity of the giant 
stars is nearly the same for all spectral types. Conversely we 
deduce that this observational result is due to the opacity of stellar 
material being independent of the temperature (at high tempera- 
tures); and it affords at least a partial verification of our assump- 
tion that k can be treated as constant inside any particular star. 

The law can also be stated in the form: for stars of the same mass 
the effective temperature is proportional to the sixth root of the density. 
This is deduced from (6), the emission of radiation per unit area, 
H, being proportional to the fourth power of the effective tempera- 
ture, and g being proportional to p’. 

To find how the luminosity depends on the mass we have to 
solve (14) for 8. It is thus necessary to know the constant occur- 
ring in the formula. This can be obtained only by numerical cal- 
culation from Emden’s solution." If the hydrogen atom is the 
unit of m, and the sun’s mass the unit of M, I find that (14) becomes 


1—B=0 .00260m'M?f4 (15) 


On theoretical grounds the molecular weight must be taken a 
little greater than 2. This is because an atom of atomic weight A 
consists of a nucleus and approximately 4 A electrons; and at the 
high temperatures within the star the strong ionization will detach 
most of the electrons, so that they count as independent molecules. 
The average weight of the ultimate particles must thus be a little 

*For the sun treated as a perfect gas of molecular weight 18, Emden gives 
(pp. 101-102, example D), at the center p=74.94, P=1.186* 10'7. Hence by (11) 
kK=3.754° 10%, Inserting this value in (12), witha=7.06 * 10-5, R=8. 29 « 107, we 
obtain 1—8=0.0026m‘f4, In this case M=1, so that the constant in (14) must be 
©.0026. The other examples given by Emden refer to laws of distribution outside our 
theory. 
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greater than 2, whatever may be the material (other than 
hydrogen). I adopt m=2.8." 

Solving (15) for 8, we obtain the following results for various 
values of M. 





(San =) 1-p Absolute Magnitude 
Ce Spek Pe ee 0.036 + 2M6 
ME at PRs act ae .106 +0.7 
Op ye Beep .174 —0.3 
aa 6 pnts 320 —1.7 
Boies es Fe ey chs <0n . 409 —2.4 
MRS tied 50 ose ko .487 —3.0 
13 ° 


OS 8 in dE = 615 —4. 


The absolute magnitude in the last column is obtained by con- 
verting into magnitudes the quantity L, which is proportional to 
M(1—8) by (9). The difference of absolute magnitude is thus the 
difference of 2.5 log,.M(1—§8). Since we do not know k, the 
datum point must be found from observation. We may adopt 
—o™3 as the average absolute magnitude of the giants, and I take 
this to correspond to a mass 1.5 times that of the sun. By various 
checks this has been found the most likely value. The magnitude 
here considered is the bolometric magnitude, corresponding to the 
total radiation; it agrees with the visual magnitude for types 
F—G, but the earlier and later types are slightly less luminous in 
proportion to the total radiation. 

As an illustration, the great majority of giant stars of types F 
and G in Adams and Joy’s list? are comprised between absolute 
magnitudes +2™“o and —o“s5. We should infer from the foregoing 
table that their masses are between 0.7 and 1.6 times that of the 
sun—a remarkably small range. 

It is also of interest to notice that 1—8, which represents the 
fraction of the total pressure due to radiation-pressure, increases 


* The retention of the last few electrons causes a very slow rise of m. The some- 
what odd—but, I believe, satisfactory—value 27/ 2 is adopted in order to avoid correct- 
ing some lengthy calculations made in a former paper, intended to represent m= 2; this 
change in m eliminates an erroneous factor in that paper (I had taken the radiation- 
pressure to be #E instead of }E). 


? Astrophysical Journal, 46, 334, 1917. 
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from insignificance to predominance in the range of masses covered 
by the table. I think that this points to radiation-pressure as the 
cause determining the aggregation of the matter of the universe into 
stars usually between these limits of mass rather than into units 
of a quite different order of magnitude. 

Knowing by observation the approximate rate of radiation of 
energy from a star of given mass, we can determine k, which is now 
the only unknown in equation (9). The sun, magnitude 5™1, 
radiates 3.8 - 10% ergs per second; and a giant star of mass 1.5, 
which is 5.4 magnitudes brighter, radiates 145 times as fast. We 
have 

L=5.5:- 10% ergs per second; M=2.91- 10% gm; c=3+ 10cm 
per second; G=6.66 + 107°; 1—B=o0.174. Hence k= 23 C.GS. units. 


This means that radiation would be reduced to about a third (1/e) 
of its original intensity in passing through a layer of 1/23 gm per 
square centimeter, or a thickness of about 30 cm at atmospheric 
density. The stars are thus amazingly opaque to radiation, and 
this accounts for the large radiation-pressure which exists. If 
the radiation within the star were light of ordinary character it 
would be difficult to understand so high an opacity; but at the 
high temperatures in the interior the radiation is of short wave- 
length and is more akin to X-rays. Laboratory experiments on 
the absorption of X-rays give results of the same order of magnitude 
as that here found in the stars. 

Our conclusion that at reasonably high temperatures the coeffi- 
cient of absorption becomes constant, or nearly so, is not a hitherto 
known physical law; but I think that the evidence of the magni- 
tudes of giant stars makes it fairly certain. Laboratory experiments 
on X-rays show a strong dependence of the absorption-coefficient 
on the wave-length (and therefore on the temperature) of the 
radiation absorbed; but they are concerned with streams of much 
less intensity than in the stars. In the laboratory it is a ques- 
tion of how often an absorbing atom can intercept one of the 
occasional bundles of radiation flying past; in the star it is a ques- 
tion rather of how fast it can deal with the bundle and get ready to 
catch another. 
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We assumed at an earlier stage that H/g remains constant at 
different points in a star. From Emden’s solution it is possible 
to test how far this holds, assuming that the energy comes solely 
from contraction. It is found that from the boundary to the 
center, H/g increases slowly in the ratio 1 at the boundary to 1.7 
at the eenter. The variation is insignificant from our point of 
view. Wecould take account of it and proceed to a second approxi- 
mation; but it is very uncertain whether the energy radiated by a 
star is derived from contraction. 

Further applications, and in particular a tentative extension to 
stars of density too great to behave as a perfect gas, will be found 
in the second of the two papers referred to. I conclude this intro- 
ductory account by giving a table of the temperature and density 
according to this theory within a star of mass 1.5 times the sun, 
mean density 0.002 gmcm~, and molecular weight 2.8. The 
unit of v is rather arbitrary, the radius being taken as 6.9 units; in 
this star the unit happens to be approximately 1,000,000 kilometers. 
For any other star the densities must be changed in proportion to 
the mean density and the temperatures in proportion to M'‘p!. 
The calculation of these numbers depends on Gaskugeln, page 80, 
Table 7. 


DENSITY AND TEMPERATURE IN A TYPICAL 
GIANT STAR 








r p T 
Abs. C 
” ee Pe rT oe ee 0.1085 4,650,000 
SR Pe Be .0678 3,980,000 
Re ae Lr By re .O215 2,710,000 
Ric's as wdeiedeis'> nad ae .00503 1,670,000 
* ee en pene nay Cad | .OCOT0O0 974,000 
AER S Eee” oS ee Ee 000149 | 517,000 
_ TEESE 5) Fen Ree Bare ETF .0000093 | 207,000 


More than half the mass is within the sphere r=2, and less 
than 1/20 is outside r=4. A star of this density would be of type 
about F7. 


CAMBRIDGE, ENGLAND 
August 15, 1918 











| THE VARIATION IN LIGHT AND COLOR OF 
RS BOOTIS' 


By FREDERICK H. SEARES anp HARLOW SHAPLEY - 


A-variation in the light of RS Bodtis? was first noted by 
Mrs. Fleming on a photograph made at Arequipa on May 24, 
1906.5 Other plates in the Harvard collection, some made as 
early as 1890, indicated a period of about 12 hours and an ampli- 
tude of one magnitude. Visual observations by Seares and Haynes 
at the Laws Observatory in June and July, 1908, gave the pro- 
visional elements :4 


Max.=J.D. 2418115.626+0.37722 E, G.M.T. (1) 


and revealed a variation similar to that of the short-period vari- 
ables so numerous in certain globular clusters. 

Only a few such objects were known among the stars at large. 
Williams, during 1900~-1903, had recognized Y Lyrae, UY Cygni, 
and RZ Lyrae; and observations at the Laws Observatory in 
1906-1908 had identified RV Capricorni, SU Draconis, and 
SW Andromedae. RR Lyrae, RR Geminorum, and one or two 
others had previously been discovered; but the total number of 
isolated cluster-type variables, now about forty-five, did not then 
exceed a dozen. ‘The discovery of RS Bodétis therefore emphasized 
the interest of this peculiar type of variability, and the visual 
observations begun at the Laws Observatory were accordingly 
continued with some persistence until July, 1910. The results 
of these measures, 542 observations in all, are collected in Table I.‘ 


* Contributions from the Mount Wilson Solar Observatory, No. 159. 

2 B.D.+32°2489, 9.3, 14527™218, +32°23/4 (1855). For a modern position cf. 
Astronomische Abhandlungen der Hamburger Sternwarte, 1, No. 3, 1900. 

3 Harvard Circular, No. 124; Astronomische Nachrichten, 174, 105, 1907; 176, 
188, 1907. 

4 Laws Observatory Bulletins, 1, 240, 1908. 

5 These observations were made with the assistance of a grant from the Gould 
Fund of the National Academy of Sciences. 


214 





















































VARIATION OF RS BOOTIS 215 
TABLE I 

VISUAL OBSERVATIONS OF RS Bodrtis 

| {| | 
J.D. | Phase | aa, Vie Mag.) O—C JD. | Phase | at) |vis. Mag. O—C 
2417- ‘| | | 712.661.. 59 | 6H | 10.22 |, +16 
660.611..| 80} aH | 10.17 | — 2} .672.. 70 | bH | 10.30 | +17 
| 6H | 10.06 | —13 | .685.. 83 bH | 10.36 | +15 
.685. 154 | @H | 10.68 | +20 | .700.. 98 bH | 10.47 | +20 
| bH | 10.50 | + 2 || .728..| 126| bH | 10.61 | +22 
752 221 | @H | 10.94 | +32 | .748..| 146| bH | 10.65 | +109 
| bH | 10.86 | +24 || 715.618..| 374] bH | 10.33 | — 1 
. 786 -| 255 | aH | 10.94 | +28 | <a 14| 05H | 10.36 | +30 
| bH | 10.98 | +32 | .649.. 28 | bH | 10.45 | +50 
667.608..| 285 | aH | 10.85 | +16 O67... 46 | bH | 10.33 | +35 
bH | 10.80 | +11 | .683.. 62 | bH | 10.38 | +30 
-651..| 328 | @H | 10.94 | +24 1 .695.. 74| 6H | 10.53 | +38 
| bH | 10.83) +13 || .727..| 106| bH | 10.43 | +13 
.697 374 | @H | 10.48 | +14 || .744..| 123 | bH | 10.55 | +17 
| bH 10.46 | +12 | .761..| 140 | bH | 10.47 | + 3 
728.. 28 | aH | 10.30, +44 | .774..| 153 | bH | 10.52| +4 
| bH | 10.36 | +50 | .790..| 169 | bH | 10.55 | + 2 
.764..| 64! @H ! 10.25 | +16 .812..| 191 bH | 10.54 | — 3 
| bH | 10.19 | +10 .827..| 206| bH | 10.59} — 1 
.869..| 169 aH | 10.53 O | .845..| 224 | bH | 10.46 | —17 
| bH | 10.62| + 9 | .862..| 241 | bH | 10.47 | —18 
gIo .| 210 aH | 10.62; + 1 | .880..| 259 | bH | 10.43 | 24 
bH | 10.63 | + 2 || 716.617..| 241 bH | 10.57 | — 8 
675.909..; 285 | aH | 10.96 | +27 || .640..| 264} bH | 10.76} + 9 
| bH | 10.95 | +26 || .656..| 280] 6H | 10.73 | +4 
679.751..| 353 | @H | 10.24 | —309 || .671..| 205 bH | 10.71 + 1 
| bH | 10.39 | —24 || 742.623..| 212 | @H | 10.35 } —26 
687.590..| 268 bH | 10.81 | +13 1 bH | 10.25 | —36 
826 127 bH | 10.70 | +30 || .654..| 243 bH | 10.50 | —15 
. 8409. 150 bH | 10.62 | +15 .681..| 270 bH | 10.54 | —14 
. 868. 169 | bH | 10.63 | +10 .7o1..| 290} bH | 10.59} —11 
890 191 bH | 10.60 | + 3 .737.-| 326| bH | 10.75| + 5 
689 . 703 117 bH | 10.52 | +16 -777.-| 366 | 0H | 10.41 | — 6 
735 149 bH | 10.53 | + 6 . 806... 18 bH | 9.94) — 6 
705 179 bH | 10.63 | + 8 .832..| 44] OH | 10.30 | +34 
810. 224 | bH | 10.82 | +19 || .865..| 77 | 6H | 10.32 | +15 
. 840. 254 | bH | 10.77 | +11 || 762.632..| 224 | @H | 10.62) — 1 
.872 286 | bH | 10.80 | +10 .634..| 226} bH | 10.56| — 7 
690. 585 245 | bH | 11.05 | +40 -660..| 252 | @H | 10.62) — 4 
601 261 bH | 10.96 | +29 .663..| 255 | bH | 10.57 | —.9 
697 . 580 70 | OH | 10.28 | +15 || .682..| 274 aH | 10.78 | +10 
605 95 bH | 10.25 | — 1 .686..| 278 bH | 10.89 | +20 
632 122 aH | 10.75 | +37 .688..| 280} aH | 10.92 | +23 
bH 10.46 | + 8 .692..| 284 bH | 10.54 | —15 
658. 148 | 6H | 10.7 +30 || -714..| 306 | aH | 10.89 | +19 
. 690. 180 | bH | 10.81 | +26 || .716..| 308 bH | 10.68 | — 2 
.733..| 223 | 6H | 10.87 | +24 | .749..| 341 aH | 10.74; + 5 
778..| 268 | bH | 10.89 | +21 || -751..| 343 bH | 10.84 | +16 
-793--.| 283 | bH | 10.99 | +30 || .795..| 10] @H | 10.23 | +11 
811 301 bH 10.80 | +10 || .798..| ° 13 bH | 10.42 | +34 
. 873. 363 | bH | 10.59 | 7 .838.. 53 | @H | 10.02; — 1 
712.640. 47 | bH | 10.26 | +27 .840..} 55 | OH | 10.08 | + 4 
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TABLE I—Continued 



































| weg es. 
J.D. | Phase | Ops’ |Vis. Mag.| O—C } DE | Phase | Obs. |Vis. Mag.| O—C 
763.643..| 103 | aH | 10.59 +30 | 037 .936 70 | @H | 10.11 | — 2 
.645..| 105 | bH | 10.34] + 4] | bH | 10.23 | +10 
.677..| 137 | @H | 10.44 | + 1 || 057.667..| 180} aH | 10.19 | —36 
.678..| 138 | bH | 10.32 | —11 | | 0H | 10.33 | —22 
.7o2..| 162 | aH | 10.57/| + 6) .683..| 196 | bH | 10.34 | —24 
-704..| 164 bH | 10.54| + 3 | .7or..| 234 | OH | 10.34 | —27 
.707..| 167 | @H | 10.62 | +10 | .725..| 238 | bH | 10.30 | —35 
.709..} 169 bH | 10.46 | — 7 || 115.626..| 32] aS 9.72 | —13 
777.629.. 128 bH | 10.40 O | .665.. 71 | aS 10.02 | —12 
.654..| 153 bH | 10.59 | +11 | .708..| 114 | @S | 10.38 | + 4 
.7o1..| 200] bH | 10.50| — 9 | .711..| 117 | aS | 10.49 | +13 
.750..| 249 bH | 10.82 | +16 745.1 15r} @ | 10.79 | +32 
.798..| 297 | bH | 10.63/| — 7 .786..| 192 | aS | 10.85 | +28 
787.612..| 302 | aH | 10.77| + 7 | .790..| 196 | @H | 10.72 | +14 
.614..| 304 | 6H | 10.41 | —29 | | bH | 10.61 | + 3 
-632..| 322 | aH | 10.80 | +10 .836..| 242 | aS | 11.00] +35 
-634..| 324 | bH | 10.98 | +28 .840..| 246 | aH | 10.68 | + 2 
. 706. . 19 | aH 9.73 | —26 |} .843..| 249 | aS | 10.80| +14 
.708.. 21 | bH | 10.14 | +18 883. .| 289 | aS 11.05 | +35 
788.606..| 163 | aH | 10.44| — 7 .887..| 293 | aH | 10.79| + 9 
.608..| 165 | bH | 10.56| + § || 117.619..| 138 | aH | 10.36 | — 7 
624. . | 181 | aH 10.61 | + 6 || | bH | 10.32 | —11 
.626..| 183 | 6H | 10.45 | —II || .657..| 176| aS | 10.58| +4 
642. .| 199 | aH | 10.61 | + 2 || bS | 10.61 | + 7 
.645..| 202] bH | 10.60 | + 1 || .704..| 223 | aS | 10.56] — 7 
661. . | 218 | aH | 10.44 | —18 | |- SS | 20.5 — 5 
.664..| 221 bH | 10.78 | +16 || 741..| 260} aS | 10.47 | —20 
.685.. | 242 | aH | 10.73| + 8 | bS | 10.63 | — 4 
.687..| 244 | bH | 10.65 | ° || .783..| 302 | bS | 10.61 | — 9 
.709..| 266} aH | 10.55 | —13 787..| 306 | bH | 10.67] — 3 
.712..| 269 | bH | 10.83 | +15 | 829..)| 348 | bS 10.62 | — 4 
.735.-| 292 | oH | 10.69 | — 1 || .832..| 351 | bH | 10.70] + 6 
.737.-| 204 | 6H | 10.63 | — 7 || .865.. 7 bS 10.21 | + 4 
.759..| 316 | aH | 10.96 | +26 || .868..| 10] bH | 10.15 | + 3 
.761..| 318 | bH | 10.74 | + 4 || S72...) 34 bS 10.00 | — 6 
994.683..| 212 | aH | 10.77 | +16 || .874..| 16| 6H 9.98 | — 5 
| bH | 10.58 | — 3 || 076..) “2 bS | 9.80 | —17 
.709..| 238 | aH | 10.38 | +27 S@e..|' 32 aS 9.74 | —20 
| bH | 10.46 | +10 || .883..| 25 | aH 9.74 | —16 
.776..| 305 | @H | 10.47 | —23 || .886..| 28] aS 9.85 | —1 
| bH | 10.47 | —23 || | dS 9.86 ° 
“.+| et wee | obi 7 .890.. 32 aH 9.72 | —13 
| | bH | 9.87/ — 1] .893..) 35 | aS 9.76 | —11 
.898..| 50] @H | 9.66 | —35 .894..| 36 aH 9.71 | —17 
bH | 9.79 | —22 | .897.. 39 aS 9.81 | —10 
-913..| 65 | @H | 9.89 | —21 118.604..| 369 aS 10.31 | —12 
| | bH 9.81 | —29 | ,607...1 °372 aS 10.37 ° 
2418- | | .610..| 375 aS 10.26 | — 6 
037.598..| 109 bH | 10.42 | +10 .611..| 376 | aS 10.17 | —13 
.656..| 167 | bH | 10.41 | —11 .614.. I aS 10.08 | —19 
.706..| 217 bH | 10.65 | + 3 .617.. 4 aS 10.01 | —21 
.767..| 278 | bH | 10.54 | —I5 .620. .| 7 aS 9.89 | —28 
.809..| 33 | bH | 10.13 +27 :622.. 9| aS 9.83 | —31 
| | 
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TABLE I—Continued 

Rise 
JD. | Phase Sat, Vis. Mag.| O—C J.D. Phase | $8" |Vis. Mag.) O—C 
118.625.. 12} aS 9.81 | —28 || 131.785..| 344] 0S | 10.80] +13 
. ye 14| aS 9.84 | —22 .788..| 347 | bH | 10.62] — 4 
.629.. 16| aS 9.72 | —31 .790..| 349] OS | 10.76 f +11 
64%. 18 | aS 9.72 | —28 .792..| 351 bH | 10.75 | +11 
.635.. 22] aS 9.71 | —23 .80r..| 360] JS | 10.63 | + 6 
.638.. 25} aS 9.77 | —13 .803..| 362 | bH | 10.52] — 2 
.639.. 26 | aS 9.69 | —19 .805..| 364| bS | 10.50] — 1 
.643.. 30] aS 9.74 | —II .807..| 366! bH | 10.62 | +15 
.640.. 33 aS 9.82 | — 4 .810..| 369 bS 10.40 | — 3 
.649. . 36 | aS 9.86 | — 2 .812..| 371 bH | 10.47} + 8 
.651.. 38 | aS 9.82 | — 8 .819.. I bS 10.16 | —II 
.668.. 55 | aS 9.93 | —II -8e2.. 4 bH | 10.00 | —22 
.670.. 57} aS 9.93 | —12 .826.. 8 bS | 10.09 | — 6 
.685.. 72| aS | 10.15 | + 1 || 132.633.. 60 | @H | 10.07 ° 
.687.. 74| aS | 10.06] — 9 bH | 10.02] — 5 
.708.. 95 aS 10. 26 ° .667.. 04 aH | 10.27/ +1 
.710..| 97| @S | 10.34| +7 bH | 10.30 | + 4 
.731..| 118 aS 10.23 | —13 .718..| 145 aH | 10.45 ° 
733. | 120 | aH | 10.44| + 7 | bH | 10.40 | — 5 
.769..| 156] aS | 10.58| +9 | .764..| tor | @H | 10.68 | +11 
.772..| 159 | @H | 10.55 | + 5 bH | 10.59 | + 2 
.835..| 222] aS | 10.50 | —12 || 139.615..| 250] aS | 10.39 | —27 
.838..| 225 | aS | 10.74] +11 bS | 10.54 | —12 
.840..| 227 | aH | 10.66 | + 3 .618..| 253 | @H | 10.76 | +10 
.844..] 231 aH | 10.62 | — 2 bH | 10.74 | + 8 
bH | 10.64 ° .690..| 325 | @H | 10.70 ° 
120.604..| 105 |} @H | 10.14 | —16 bH | 10.69 | — 1 
.606..| 107 | a@H | 10.20] —11 714. 349 | aS | 10.53 | —12 
.610..] 11 aS | 10.17 | —16 bS | 10.62] — 3 
.612..} 113 | @S | 10.19 | —15 .718. 353 | @H | 10.53 | —10 
.614..| 15; @H | 10.31 | — 4 bH | 10.57 | — 6 
.616..] 117 aH | 10.26 | —10 .723. 358 | aS 10.43 | —16 
.619..| 120] @S 10.25 | —12 bS | 10.53 | — 6 
O88. «io S88 aS 10.12 | —26 .728..| 363 aH | 10.49 | — 3 
.626..| 127 | @H | 10.38 | — 2 bH | 10.48 | — 4 
bH | 10.35 | — § 732 ‘| 367 | aS | 10.38 | — 8 
.631..| 132] aS | 10.29] —13 bS | 10.33 | —13 
bS | 10.35 | — 7 | 736..| 371 | @H | 10.31 | — 8 
122.615..|- 229 | @S | 10.44 | —20) bH | 10.42 | + 3 
| bS | 10.48 | —16 || .740..| 375 | @S | 10.26] — 6 
671 285 | aS | 10.54 | —15 | bS | 10.43 | +11 
bS 10.45 | —24 | .747 | 5 | aH | 10.16] — 4 
716 330 | aS | 10.72 | + 2]| bH | 10.23 | + 3 
bS | 10.50 | —20 || 751 | 9| aS 9.92 | —22 
131.654..| 213 | @H | 10.58/| — 3 | bS | 10.24 | +10 
bH | 10.61 ° .756..| 14]. @H [| 10.02 | — 4 
697. . | 256 | aS | 10.58| —9 bH | 10.07 | +:1 
bS 10.62 | — 5 .760.. 18 | aS 9.86 | —14 
. 700. 4 259 | OH | 10.65 | — 2 bS 9.91|—9 
-743..| 302 bS 10.65 | — § .765.. 23 | aH 9.809 |— 4 
.745..| 304} bH | 10.73 | + 3 j bH 9.07| +4 
-774..| 333 | OS | 10.77 | + 7 «790. \ 28 | aS 9.63 | —23 
.776..| 335 bH | 10.76 | + 6 bS 9.84 | — 2 








| 
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TABLE I—Continued 














J.D. | Phase | Opa’ {Vis. Mag.| O—C J.D. Phase 
139-774--| 32 | aH | 9.80] — 5 || 178.624..| 19 
| | bDH | 9.91 | + 6) 
779--| 37| @H | 9.82| — 7 .626..) 21 
.782..| 40| aH | 9.76 | —16 
.786..| 44! @H | 9.89/ — 7 .630..| 25 
| | bH | 9.97/ +1 || 
-799..| 57| @H | 9.97| — 8} 633. 28 
801 | 59 | aH | 9.06 | —10 | 
143.631..| 115 | r- | 10.33 | — - 638...) - 33 
S | 10.29} — 
.649..| 133 | @S | 10.17 | —25 642..| 37 
| oS 10.27 | —15 
153.677..| 351 | aS | 10.69] + 5 .646..| 41 
| 6S | 10.57| — 7 | eo 
-683..| 357 | @H | 10.75 | +15 656. Ys 
| bH | 10.74 |} +14 
705. .| 2| aS | 10.45 | +20 .667..) 62 
| BS | 10.24} —1 
712..| 9 | bH | 10.16 | + 2 .695..| 90 
WER; | 19 | bH | 10.07] — 5 
.716..| 13] 0S | 10.06 | — 2 || 473.682..| 373 
717..| 14 | bS | 9.92 | —14 | | 
72t..| 18| BDH | 9.82! —18 || 475.673..| 100 
725 22 | bH | 9.71 | —23 | 
727 24/} bS | 9.79 | —12 } 711..| 138 
729. 26| bS | 9.67 | —21 | | 
«Fae 30 | aH | 9.84) — 1} 740..| 167 
i. oe 32 | aH 9.86) +1 | 
169.639. . 89 aH | 10.10 | —14 || 477.761. .| 302 
bH | 10.04 |r —20 | 
.656. 106 | aH | 10.23 | — 7 | 785..| 326 
| bH | 10.18 | —12 | 
170.659..| 354 bH | 10.69 | + 6 | . 842. 6 
699. . | 17 | bH | 10.13 | rr | 
-719..| 37 | bH | 10.02 | +13 849 13 
176.612..| 271 | aH | 10.88 | +20 
| BH | 11.00 | +32 .854..| 18 
.633..| 292 | a@H | 10.73 | + 3 
| bH | 10.91 | +21 .867..) 31 
.653.-| 312 | aH | 10.73 | + 3 | .869../ 33 
| bH | 10.80 | +10 || .872..| 36 
.675..| 334 | @H | 10.82 | +12 
| OH | 11.05 | +35 || 479.704..| 359 
.702..| 361 | aH | 10.88 | +33 
| bH | 10.85 | +30 | 709. 364 
.716..| 375 | aH | 10.76 | +44 
bH | 10.89 | +57 .733-. II 
178.612.. 7 | @H | 10.11 | — 6 
| DH | 10.18} + 1 739. 17 
.615.. 10 | aH | 10.20| + 8 || 
| 6H | ro.10 | — 2 || 760..| 38 
.618..| 13 | @H | 10.08 | ) 
| bH | 10.22 | +14 765..| 43 
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TABLE I—Continued 



































| ae 1] : | 

J.D. Phase | oe \Vis. Mag.) O—C || J.D. | Phase _ Vis. Mag, Oo-C 

| | nineialtialainietenia! | } 
479.765.. 43 | OH | 9.84 | —11 | 504.658..} 33 aH 9.86 ° 
.788.. 66 | aH | 10.05 | — 6 1 bH | 9.85 I 
| bH | 9.91 | —20 | .674..| 491 oH 9.909|'—1 
501.609... 2 aH | 10.40 | +15 || bH 9.96|—4 
| bH | 10.29 | + 4 || .681..| 56| aH | 10.01 | — 4 
.614.. 7| @H | 10.28 | +11 || bH 9.93 | —12 
| bH | 10.26 | + 9 || .698..| 73 | @H | 10.20] + 5 
.620.. 13 | @H | 10.04 | — 4 || bH | 10.12 | — 3 
| bH | 10.16 | + 8 || 704. .| 79 aH | 10.19|+ 1 
.627.. 20 | aH | 10.09 | +12 || | bH | 10.13 | + § 
| bH | 10.02 | + 5§ || 837.627..| 190 | aSh} 10.52} — 5 
.635.. 28 | aH 9.902 | + 6 || bSh | 10.69 | +12 
| bH | 9.89 | + 3 ]I .637..| 200 bSh | 10.60} +1 
.640.. 33 aH | g9.or| +5 .643..| 206 aSh | 10.60 | ° 
bH | 9.83 | — 3) bSh | 10.76 | +16 
.646.. 39 | aH | 9.91 ° .678..| 241 bSh | 10.66 | + 1 
| bH | 9.75 | —16 | .683..| 246 bSh | 10.61 | — 5 
.653.. 46 aH | 10.00 | + 2) .691..| 254 | ObSh | 10.66 ° 
| bH 9.95 | — 3 || -721..| 284 | bSh | 10.58 | —11 
-675.. 68 | aH | 10.09 | — 3 || .736..| 299 bSh | 10.67 | — 3 
| bH | to.11 | — 1 || 840.642..| 186 bSh | 10.31 | —25 
. 680. . 73| GH | 10.12} — 3 || 716..| 260| aSh| 10.59} — 8 
| bH | 10.09 | — 6 1] bSh | 10.74 | + 7 
-707-.1| 100 aH | 10.14 | —14 || 863.721..| 250 | a@Sh/ 10.53 | —13 
| | bH | 10.16 | —12 || | bSh| 10.58 | — 8 
.714..| 107 | @H | 10.32 | + 1 || 865.621..| 263 bSh | 10.76 | + 9 
f | bH | 10.21 | —10 || .624..| 266 | bSh| 10.67} — 1 
1 737--| 130 | aH | 10.56 | +15 || 678..| 320} ObShj| 10.55 | —15 
| bH | 10.38 | — 3 719 361 bSh | 10.27°| —28 
742..| 135 | @H | 10.49 7 724 366 | aSh| 10.35 | —12 
| bH | 10.45 | + 3 bSh | 10.24 | —23 
502.643..| 281 | @H | 10.55 | —14 728..| 370| bSh| 10.27 | —14 
| bH | 10.58 | —1r || 735. .| o| bSh} 10.18 | —11 
649..| 287 | aH | 10.60 | —10 || 741. .| 6| bSh| 10.07 | —11 
| bH | Io 60 | —I0 || 744. .| 9 bSh | 10.06 | — 8 
504.612..| 364 | aH | 10.77 | +26 .747..| 121] bSh| 10.02| — 7 
| bH | 10.78 | +27 ee bSh|} 9.84 | —16 
.617..| 369 | aH | 10.62 | +19 .750..| 2 aSh | 10.23 | +27 
| bH | 10.73 | +30 || .760..| 25 | a@Sh| 10.06 | +16 
.623..] 375 | aH | 10.45 | +13 || bSh | “9.91 | + 1 
| bH 10.50 | +18 | 767...) 32 bSh | 10.03 | +18 
628 3 | @H | 10.31 | + 7 || .770..| 35 | a@Sh| 10.05 | +18 
| bH | 10.28 | + 4 || .775..| 40] aSh| 10.12 | +20 
633. .| 8 | aH | 10.27 | +12 || bSh | 10.14 | +22 
| bH | 10.12 | — 3 || 786 | 51 | bSh| 10.04 | + 2 
.638.. 13 | @H | 10.19 | +11 || 871.754..| 359 aSh | 10.54 | — 4 
| bH | 10.13 | + § || -759.-| 364 aSh | 10.32 | —19 
.643.. 18 | aH | 10.01 | + 1 ] bSh | 10.28 | —23 
| BDH | 9.900| —1 .966..] 37% aSh | 10.26 | —13 
.648.. 23 | aH | 9.83] —10 || 773. -| 1 | .aSh} to.0o1 | —26 
| bH | 10.02 | + 9 || .778..| 6 | aSh! 10.06 | —12 
Ges... 28 | aH | 9.89 | + 3] 784.1 38 aSh | 10.02 | — 7 
| bH | 9 87/ +1 || . 789. | 17 aSh | 10.13 | +11 

| 
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TABLE I—Continued 


























| 

ID. | Phase | $2" vis, Mag.| O—C | 3p. Phase | $t#% /vis. Mag.| O-—C 
876.652..| 353 | a@Sh/| 10.52} —11 || 879.705..| 10| aSh| 10.09 | — 3 
-656...| 357 aSh | 10.59 | — I || .708..| 13 | @Sh| 10.09] +1 
bSh | 10.46 | —14 || .718..| 23] a@Sh| 9.08} +5 

879.635..| 317 | a@Sh/ 10.50 | —20 || 790... 25 | a@Sh} 9.92] + 2 
bSh | 10.61 | — 9 .732..| 37 | a@Shj 10.12 | +23 

.662..| 344] aSh/ 10.76| + 9 .736.. 41 aSh | 10.10 | +17 
-694..| 376| a@Sh/ 10.23 | — 7 -745..|  50| a@Sh/| ro.15 | +14 
.697.. 2 aSh | 10.22 | — 3 || bSh | 10.01 ° 

| 











An important question concerning cluster-type variables is that 
of a change in color paralleling their fluctuations in light. Their 
many analogies with the Cepheids, which were known to vary in 
color, had suggested such a possibility, although the cluster variables 
were not then classed with the Cepheids as they now usually are. 
The photometric methods developed for use with the 60-inch 
reflector afforded a ready means of measuring color; and photo- 
graphic and photo-visual observations of RS Boétis on three 
successive nights in July, 1914, gave the data in Table XI, and 
established beyond question a variation in color similar to that 
previously detected in the case of the longer-period Cepheids. 

These two series of measures, made with different instruments 
by wholly different methods and separated by an interval of several 
years, are discussed in the present paper for the purpose of revising 
the light-elements and determining mean light- and color-curves. 
The publication of the results has been long delayed, partly through 
occupation with other work, but more particularly by a series of 
mischances in securing the polar-comparison plates necessary for 
the determination of the zero-points, so that it was not until 
recently that the magnitudes could finally be reduced to the inter- 


national system." 
THE VISUAL OBSERVATIONS 


Most of the visual observations listed in Table I were made 
with an equalizing wedge photometer attached to the 73-inch 
equatorial of the Laws Observatory; those for J.D. 2417762-88, 


t Results of a preliminary reduction were given in Publications of the Astronomical 
Society of the Pacific, 26, 202, 1914. 
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however, were obtained with a Zéllner photometer and a 43-inch 
equatorial. An account of the methods of observation and reduc- 
tion will be found in Laws Observatory Bulletins, 1,94, 187, 1905, 1907. 

The decimals of the Julian Day in the first column of the table 
are expressed in Greenwich mean time. The unit for the phase 
in the second column iso.oor day. The letters in the third column 
indicate the comparison star (¢@=B.D. +32°2481, mag. 9.2; 
b=B.D. +32°2483, mag. 9.4) and the observer (S=Seares, H= 
Haynes, Sh=Shapley). The visual magnitude has been referred 
to the international zero-point by methods described below; the 
residuals in the last column (unit=o.o1 mag.) are referred to the 
mean visual light-curve given in Table V. 

The measures with the wedge photometer were usually arranged 
so that a single group of settings gave values for the difference in 
brightness of the variable and each of the comparison stars a and 8, 
and, at the same time, the magnitude difference of the comparison 
stars themselves. The first step in the reduction was the reference 
of the comparisons made with star a to star b, in order that all the 
Observations might be expressed as differences of the form v—d. 
This required a knowledge of the difference a—b. 


TABLE II 


VALUES OF a—}b BY HAYNES 
































J.D. Mean Av. Dev. |No. Values J.D. Mean Av. Dev. |No. Values 
ee —0.72 + 6 4 AT ont eee ee I 
ee .65 5 | 7 | See St iwetass I 
RS Bes. ewe I GR. cabanas 8 eee I 
ain ts bivk (OE hie > wine I ee 70 | + 7 4 
ee RS ee ae: I A, oa woes 61 4 10 
oO ae (Ph. da cares I _ Sere 70 2 2 
ee ee .59 18 | 8 | RE 55 6 6 
Op a a .78 2 | 4 _ ae 59 5 13 
RE -34 236 | 3 ne 49 2 3 
EUs 54-0 Sad .59 2x | 8 eee 72 16 5 
rr 61 +10 | 6 OE Pee 65 4 7 
eS WE: Riis bao’ I aa 69 7 14 
ere Tears I Seo. ....4. 60 I 2 
Ry Of See I 7 —0.66 | = 6 14 
> eee |, ee I 





The most extensive series of values for a—) is by Haynes. His 
results for each night are collected in Table II; which gives the 
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Julian Day, the mean for the night, the average deviation of a 
single observation from this mean, and the number of values. 
The accidental error of measures with the Zéllner photometer 
(J.D. 7762-88) is large; otherwise the agreement is satisfactory, 
and there is no evidence of variability in the comparison stars. 
The mean for the series is a—b = —0.64 mag. (108 obsns.). Simi- 
lar, but less extensive, series by Seares and Shapley give —o.64 
(22 obsns.) and —o.55 (13 obsns.), respectively. The adopted 
value is a—b= —0.64 mag. (143 obsns.). 

After adding a—b to the values of v—a, the entire series of 
results for v—b was plotted with the G.M.T. of observation as 
.abscissa. With the aid of an approximate light-curve drawn on 
tracing paper, a number of epochs were determined for which the 
variable, during increasing light, was equal to star b. The results 
and their estimated relative weights are in the second and third 
columns of Table III. With two similar epochs derived from the 


TABLE III 


Epocus FOR v=); REVISION OF PERIOD 








E J.D. Epoch »=b| Wt. (Red.toSun) O-—C;, | Cal. Epoch O-C; 

al Se 7742.783 I —2 — | 7742.786 — 5 
es sis os ta 7762.796 I —1 +14 | 7762.785 +10 
Mas oo ek | 7787.690 I +1 +6 | 7787.689 9 
ee | 7794.853 I —3 +10 | 7994.846 + 4 
ES Sa 8115.588 I —I o | 8115 .593 — 6 

| ee oer. 8117 .857 5 —I + 5 8117.857 — I 
I oc cevie's 8118. 604 5 —I — 3 | 8118.612 — 9 

MGS t's pages 8131.816 4 ° +4 | 8131.818 — 2 
On 5% warns | 8132.574 I ° + 7 8132.573 + I 
oy 8139.736 6 ° ° 8139.742 — 6 
ER | 8153.703 5 +1 +6 | 8153.704 fe) 
ae. Se | 8170-690 I +2 +14 | 8170.684 + 8 
DN u's es bee a 8178.610 4 +3 +11 | 8178.608 + 5 
RS 8477 .841 4 —2 | +12 | 8477 .835 + 4 
Ha ects genk' 84790.724 5 —I +10 8479.721 + 2 
RSs a varewie cf 8501. 611 5 o | +12 8501 .607 + 4 
DU Aisi dk wale es | 8504.630 6 ° +13 | 8504.625 + 5 
ere 8871. 762 2 ° o | 8871.772 —10 
Rae ere 8879 .603 2 +1 + 8 | 8879.6096 — 2 
ES oss cas | 0331.683 5 ° +19 | 0331.682 + 1 
ei , RO aE | 0332.812 6 ° | +16 | 0332.814 — 2 


Heliocentric Time =Geocentric Time —o400416 cos (© —201°). 
The unit ‘for the reduction to the sun and for O—C is 0.001 day. 
Mount Wilson photo-visual observations on J.D. 2420331-2, these 
are the data used for the revision of the elements of variation. 
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For the derivation of final elements the following provisional 
values were used 


My === J.D. 2418115. 587-+0. 377333 E (2) 


The epoch is that of elements (1) corrected by —o.039 day, which 
is an estimate for the interval separating »=max. fromv=). The 
period is a value by Pracka‘ based on an interval of 1185 periods. 
The representation by elements (2) is shown by the differences 
O-—C, in Table III. Discussed in the usual manner by least 
squares, these residuals give the corrections and probable errors, 


E—E,=+0.0057+0.00085 days 
P—P,=-+0.00000206+0.00000035 days, 


whence 
E,=)= J.D. 2418115.593, G.M.T. 


P=o. 377335006 days @) 


The very small uncertainty in the period, + 0%03, is to be attrib- 
uted to the long interval of seven years, or nearly seven thousand 
complete cycles of variation, covered by the observations. The 
residuals O—C, corresponding to the revised constants are’ all 
small. The epoch numbers show that the rather conspicuous 
grouping of signs can scarcely be accepted as evidence of irregu- 
larity in the period. The residuals for Pracka’s epochs? (E = — 1185 
and —1143), neither of which was used in revising the elements, 
are +0.002 and +0.084 days, respectively. 

The mean visual light-curve has been derived from the 491 
observations made with the wedge photometer, those with the 
Zollner instrument being omitted because of large accidental error 
(see Table II). The values of »—b were arranged in the order of 
heliocentric phase and divided into 29 groups of 17 each (16 observa- 
tions in the first and last groups), whose means are in the first two 
columns of Table IV. The resulting light-curve, reduced to the 
international zero-point, is in Table V. The normal points and 
the curve are illustrated in the upper part of Fig. 1. 


? Bulletin international de l’ Académie des sciences de Bohéme, 15, 1910. 


2 Loc. cit. 
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Table IV also gives the deviation of the normals from the curve 
and the probable error of a single observation based upon the 





























TABLE IV 
NorMAL Pornts FoR MEAN VISUAL LiIGHT-CURVE 
ie P.E | »E 
Phase |Means—b| Dev. | One [Rel We.|| Phase |Means—d| Dev. | One Rel. Wt. 
Obsn. Obsn. 
| es ee ee ae ne 
©.003....| —0O.12 | +4 +9 12 0.136...| +0.06 | +5 + 8 15 
.008.... .20 | +3 10 II -360.../ .24 | —6 8 | 15 
Saree .21| —2 y| 2 .188...| et sro Fs 
, | oe 31) +4 II 8 .214...| .30 | —1 sa] 7 
: 34 | +1 9 12 - 232... <] .26 | +6 II 8 
ee .46 | +5 8 16 -251...| 37 | —3 12 | 7 
O88... .40 | —6 14 5 . 266... 30 | —3 3S 
oe .47 | +1 7| 23 . 286... 2|—4 14| § 
ae .46 | +3 9 14 , oe 2|+6 ae 
-044.... -3m | —5 12 6 -333---| 431 —S 9| 13 
, .30 | +3 8 16 ‘$83-. «| .27 | +4 10 | It 
.068.... .22 | +2 9 13 ee .27 | —4 10 9 
.083.... .12 | +1 8| 15 368. ..| ur | +1 ae ae 
-104....| — .07 | +5 8 16 0.374...| +0.07 | —5 +14] 5 
©.120....| +0.10 | —5 #12 | 7 | 
TABLE V 





MEAN VisvuaAt Licut-CURVE AND CoLoR-CURVE 





Phase | Vis. Mag.| Ci. || Phase |Vis.Mag.| Ci. || Phase | Vis. Mag.| CL. 











©.000....| 10.29 |+0.30 ||0.055...| 10.04 | 0.00 ||0.220...| 10.62 |+0.44 
.005....| 10.20| .20|| .060.../ 10.07 |+ .03 1 .230...| 10.64 45 
- .010....| 10.12 |+ .10 || /065...| 10.10 .05 || .240...| 10.65] .45 
.OI5... | 10.05 | .00 || .070...| 10.13 .08 || .250...| 10.66] .46 
- .020....| 9.97 |— .09 || .075...| 10.16 10 || .260...| 10.67| .46 
.035....|. 9.90 .I2 || .080...} 10.19 .12 j| .270...| 10.68 | .47 
.026....| 9.88 | .13 || .090...| 10.24 .17 || .280...| 10.69 .48 : 
1O07..4.) gbe .14 || .100...| 10.28 .21 .290...| 10.70 -49 
028...) 9.86 26-1 .880¢.:1 °° 30.29 .24 .300...| 20.701. .40 
.029....| 9.85 15 || .120...| 10.37 $8 °.3gt0...| 20.70; 50 
- .030.... 9.85 | .15 || .130...} 10.41 138-4) 2890. «fb: 20670 | «8k 
SOME. ii: 9.854 -14 .140...}| 10.44 34 330...) 10.70 | 51 
Mma ck Qs -13 || .%§0...| 10.47 .36 || .340...] 10.69 | .52 
tet . oae -13 || .160...] 10.50 | .38 || .350...| 10.65 .52 
.034....| 9.86 -12 || .170...] 10.53 .39 || .355...| 10.62 .52 
.035....| 9.87 .12 | .180...| 10.55 | -40 || .360...) 10.57 S23 
.040....| 9.92 .09 -190...| 10.57 | .41 .365...| 10.49 | ao. * 
.045...-| 9.97 .06 .200...} , 10.59 | .42 1970...) 10.41 | 45 
- .050....| 10.01 |— .03 || .210...| 10.6r | .43 || .375...| 10.32 .35 
©.055....| 10.04 0.00 |'0.220...| 10.62 |+0.44 ||0.380...| 10.24 |+0.25 
~ | 











Phases are counted from instant when »=)b—o.03 mag. To refer them to the instant of maximum 
brightness, subtract o.031 from the tabular values. To obtain the ordinates of the mean photographic 
light-curve, add the color-index to the corresponding visual magnitude. 
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individual deviations (last column, Table I). The error varies 
considerably from point to point, which accounts for the differ- 
ences in the weights given in the last column of Table IV. 

The reference to the international zero-point is based upon 
b=10.32mag., a value found by comparing the mean curve 
defined by Table IV with the photo-visual observations after 


of0 of of2 043 014 of5 


+0.6 





Fic. 1.—Mean visual light-curve of RS Boédtis (above) and curve showing the 
variation of color (below). The ordinates of the lower curve are color-indices. The 
circles, crosses, and dots represent results obtained on different nights. The zero 
ordinate of the light-curve corresponds to visual magnitude 10.29. 


reduction to the international system by means of polar compari- 
sons. The photo-visual observations themselves (residuals in 
last column, Table XI) are well represented by the mean visual 
curve. 

The phases had been referred, as accurately as possible, to the 
instant for which v=6. The light-curve shows that, in the mean, 
v=b for phase —o.002; further, that the maximum visual bright- 
ness, 9.85 mag., occurs for phase 0.031. The subtraction of this 
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quantity will therefore refer the tabulated phases to the epoch of 
maximum; finally, from (3) we obtain the adopted elements 


Max.=J.D. 2418115 .624-+04 37733506 E, G.M.T. (4) 


THE PHOTOGRAPHIC AND PHOTO-VISUAL OBSERVATIONS 


The photographic and photo-visual observations collected in 
Table XI were obtained by the methods commonly used with the 
60-inch reflector." The plates were Seed 27’s and Cramer Instan- 
taneous Isos, respectively, the latter exposed behind a yellow filter. 
Relative magnitudes referred to arbitrary zero-points were deter- 
mined for the comparison stars by means of images registered on 
the same plate with diaphragms of different aperture. The results 
were subsequently reduced to the international zero- “point by com- 
parisons with the North Polar Standards.’ 

The photographs of the variable were as follows: 


1914, JULY 16. PLATES 1613-1641 
Photographic (odd-numbered plates): five 1™ exposures; apertures 32, 
32, 32, 14, 9 inches; 32 and 14 used to establish scale. 
Photo-visual (even-numbered plates): three 2™ exposures; apertures 9, 
14, 32 inches; images with 9 and 14 invisible or too faint for measurement; 
32-aperture images reduced with relative magnitudes of comparison stars in 
Table VII. 
1914, JULY 17. PLATES 1648-1677 
Photographic (even-numbered plates): same as July 16. 
Photo-visual (odd-numbered plates): three 2™ exposures; apertures 60, 
40, 32 inches; 60 and 4o used to establish scale. 


1914, JULY 18. PLATES 1684-1709 
Photographic (even-numbered plates): six 1™ exposures; apertures 32, 
32, 32, 14, 14, 14 inches, with order reversed on alternate plates; reduced with 
relative magnitudes of comparison stars in Table VII. 
Photo-visual (odd-numbered plates): four 2™ exposures; apertures 60, 
40, 40, 60; used to establish scale. 


To illustrate the method used for such data, the reduction for 
plate No. 1648 is given in Table VI. The first six columns contain 


t Seares, Mt. Wilson Contr., No. 80; Astrophysical Journal, 39, 307, 1914. 
2 Seares, Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 
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star number and its distance from the optical axis of the instru- 
ment, the aperture, the scale reading (mean of two measurements), 
the distance correction, and the corrected reading s. The seventh 
column contains As, the difference in s for the apertures used to 
establish the scale (14 and 32, corresponding to a magnitude 
difference of 1.01)."_ By a process illustrated in Fig. 2, we find 
the relation between scale reading and magnitude necessary for the 
determination of the relative magnitudes. 


TABLE VI 


REDUCTION OF PHOTOGRAPHIC PLATE No. 1648 





























| | : 

Star Dist. | AP. Mean s | D.C. | Corr. s | ea Mag. mag in | Soa! Resid. 
“Tees fA 3.2 | 32 10.0 |—O.1 9.9 | 1.8 | 1.35 1.40 | 8.36 | 9.71 |+0.05 
| 32 | 10.0 |—-9o.1 9.9 | | 1.35 
| 32 | 210.0 |--0.1 9.9 | 1.35 

| 14 | 11.8 |—o.1 | 11.7 | | 1-37 | 
| 9 | 14.2 +0.% | 14.3 | | 1.60 | | 
Bans | 3.4 | 32 | 11.6] 0.0] 11.6 | 2.1 | 2.30 | 2.31 | 8.29 | 10.62 |—0.02 
| 32 | 11.4 |—0.1 | 12.3 | | 2.15 
|} 32] 11.6 | 0.0] 11.6 | | 2-30 | 
| 14 13.6 | 0.0 | 13.6 | | 2.397. 1 
| 9 | 16.8 |—0.1 16.7 | 2.53 | | 
Bi ytan 2.6 | 32 | 12.4| 0.0] 12.4 | 2.3 | 2.71 | 2.83 | 8.27 | 11.14 |—0.04 
| 32 | 12.8 |—o.1 | 12.7 | | 2.86 
| 32 | 12.7 |—o.1 | 12.6 | 2.82 
p14 14.7 |+0.2 | 14.9 | 2.82 
| g | 18.0 \—O-1 | 17.9 | | 2.96 
Sioa aie 3.6 | 32 | 15.0 i+0.3 15.3 | 2.7 | 3-97 | 3.85 |_8.33 | 12.16 |+0.02 
32 | 14.6 |+0.2 | 14.8 | | 3-79 | 
| 32 | 14.6 |+o0.2 | 14.8 | | 3-79 | 
| 14 | 17.8 |—o.-1 | 17.7 3.86 | 
| 9 eae BEES HERE Cie oR Mean | 
| | 
Var...| 4.0 | 32 | 12.7 |—o.1 | 12.6 | .| 2.82 | 2.80 | 8.32 | rz.12 |...... 
| 32] 12,4 | 0.0 | 12.4 | | 2.71 | 
| 32 | 12.4 | 0.0] 12.4 | 2.98 
| 14 | 14.8 |+0.3 | 15.1 | 2.89 | 
| 9 | 17.7 |-o.1 17.6 | | 2.87 | | 





We first plot the value of As for each star against the mean s 
for the three 32-aperture images—the largest aperture used. This 
gives the lower curve in Fig. 2, whose sjgnificance is as follows: 
Let s and As represent the abscissa and ordinate of any point on 


* Seares, Mt. Wilson Conir., No. 80, p. 11; Astrophysical Journal, 39, 317, 1914. 
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the curve, and m the magnitude corresponding to the scale reading 
s; s’=s+As will then be the reading for magnitude m’=m+Am, 
where Am=1.01, the reduction constant of the 14-aperture as 
compared with that of 32 inches. All readings refer to the 32- 
aperture. 

Scale Reading 
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Fic. z.—The ordinates of the lower curve are values of As, indicated in scale 
intervals on the right. This curve is used to construct the upper curve, which shows 
the relation between scale reading and magnitudes for Plate 1648. 


With the aid of this curve we next construct the scale reading 
and magnitude curve in the upper part of Fig. 2. Since for the 
present the zero-point is arbitrary, we assume m=o for s=8 and 
thus begin the accompanying tabulation. From theAs curve, for ab- 
scissa 8 we find the ordinate 1.40, and derive m’=0.00+1.01=1.01 
as the magnitude for scale reading s’=8.00+1.40=9.40. In- 
serting these numbers in the second line of the table, the process 
is repeated with m’ and s’ as a new m and s. Thus, for abscissa 
9.40, we have the ordinate 1.65, which gives 11.05 as the scale 
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reading for m’=2.02. A plot of the corresponding values of s 
and m thus found gives the required curve. The operations can 
be even more quickly accomplished with a pair of dividers and a 
ruler, bya process sufficiently obvious from the figure." 


m $ ' As 





0.00 8.00 1.40 
I.O1 9.40 1.65 
2.02 II.05 2.00 
3.03 13.05 2.38 
4.04 15.43 2.78 
5.05 ) ©. Peer eee re 





From this curve we now read the magnitudes entered in the 
eighth column of Table VI, care being taken in the case of exposures 
with the 14- and g-apertures to subtract the relative reduction 
constant—1.o1 or 1.97—in order that all the results may refer to 
the 32-aperture. 

Each photographic plate for July 16 and 17 and each photo- 
visual plate for July 17 and 18 gave a series of relative magnitudes 
similar to that in the ninth column of Table VI. The results for 
the comparison stars were reduced to a common, though still 
arbitrary, zero-point and combined into the means which appear 
in Table VII. The internal agreement is illustrated by Table VIII, 


TABLE VII 


COMPARISON STARS—RELATIVE MAGNITUDES 


| | PxHorocrapuic Mac. | PHOTO-VISUAL MAG. 
B.D. No. | a 1855 § 1855 ; cee caer sYepe : OER Ween 
i 











4 " — 

db | July 16| July r7| Mean | July 17 July 18 | Mean 
I.. .|+32°2485 14h26™ 889 |+32°16/8 | 0.30 | 0.24 | 0.27 | 0.47 | 0.50 | 0.48 
Sitizeude +. «aa > 2. Fas 16.7 | 1.06 | 1.10 | 1.08 | 1.23 | 1.19 r.a2 
3-..| 322487 | 26 17.3 22.1 | 1.58 | 1.59 | 1.59 | 1.87 | 1.89 | 1.88 
4...| 322486 | 26 15.2 25.m | 2.75 | 2.8m | 2.77 | 2.14% | 2.10 | 2.10 
a LS ores. 26 51.0 | 27.6 | 2.64 | 2.63 | 2.64 | 2.97 | 3.03 | 3.00 

| | i 











which shows the deviations of the individual plates for July 16 
from the weighted means in the seventh and last columns of 


* A numerical process, equivalent to the graphical methods given here, is described 
in Mt. Wilson Contr., No. 80, p. 24; Astrophysical Journal, 39, 330, 1914. 











230 FREDERICK H. SEARES AND HARLOW SHAPLEY 


Table VII. Except for very faint stars, the average residual 
ranges from 0.04 to 0.06 mag. The systematic deviations are 
naturally one-half the differences between the mean results for 
the separate nights given in Table VII. 


TABLE VIII 


COMPARISON STAR RESIDUALS FOR JULY 17, 1914 





























Photographic Photo-visual 
Re ee Plate = |—— ; — 
Pe, Bee 5 | 3 2 3 4 5 
1648..... +7/—3}| —4| ph! — 1] 1649..... +3/-1/-—3/+4/4+1 
A — 3|+°2 +5 |—33 — 4]| 1651..... I—- 2 | +2/-—7/+ 5 ° 
2652...:. + Oji+ «| —S§ |..... att te ee —10 |} —1 |+ 8 |+ 3 |+28 
Seek... °o|— 3] +2 |—13 io % t eOer. . . 6 | 19 o |— 1 |+20 |+30 
ee +1 |+3 —4\1—- 4/4 2] 3657..... iP Si--t im~ gi tr sg 
1658..... + 1i/— 2} +4|— 7}/— 1 | 1659..... it 3| +2/—- 7/+ 1 i+ 9 
1660..... o|— 8 ol+4/+o0| 1661..... l+12 | +2 |— 5 |— 9 |—11 
1662..... <i e +4 | ere — 3| 1663..... | of -6i+5] o|f+7 
1664..... + 4 /|-—I0 o |+10 |— 3] 1665..... i+ 6 | —2 I+ 2 |— 6|..... 
1666..... +4/| ©o | —9 | Baws + 5] 1667..... i+14 | +8 |— 9 |—14 |—17 
1668..... +13 |— 6 | or ©} 3669.....j— 2 oj+4/|— 2/+ 2 
1670..... oe J.i-7 21 8 h..... — 1| 2671..... i 4 | —5 |+ 4/+ 6|..... 
1672..... i+ 2|— 2| +5)..... — 7| 1673..... I— 1 | —g |+15 |— 5 |—21 
3674..... iv eit 71-6 | etsy —2zz | 2675..... a Bi KF I SIM § fave 
7676..... it S$ i— § | 47 |:....-}....- 1677..... +11 | —7|\+ 4(/-— 6]..... 
| aeall 
Syst. diff. I+ 4 |— 2| —1 |— 4|— 1 | Syst. diffyi\+ 1 | —1 |+1|/—1|+ 3 
Av. dev. . |= 4\% 4| =4/= 8 |= 4/| Av. dev..|= 6| +4 |= 5 |= +12 
! | 





REDUCTION TO INTERNATIONAL ZERO-POINT 


The reduction to the international zero-point depends on four 
pairs of comparisons with the Polar Standards, made on August 25 
and 26, 1917. The results for the comparison stars in the second 
and third columns of Table IX are based directly on the scale and 
zero-point of the Standards themselves. By comparison with the 
mean relative magnitudes in Table VII, we find for the latter the 
zero-point corrections in the fifth and sixth columns of Table IX. 
Adding the mean correction to the relative magnitudes, we have, 
finally, a second series of magnitudes, given in the last three columns 
of the table. These refer to the international zero-point, but 
depend upon the scales established for the individual plates. We 
thus have for the comparison stars two series of results, quite inde- 
pendently derived. Table X exhibits the agreement and gives the 








oe 
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adopted magnitudes, which are the means, with equal weight, of 
the two determinations. 

Incidentally, attention may be directed to the color-indices of 
the comparison stars. The values in Table [IX found by comparing 
photographic and photo-visual magnitudes agree well with each 
other and with those in the last column of Table X derived by the 
exposure-ratio method (three plates),’ which affords a valuable 


control. 
TABLE IX 


MAGNITUDES OF COMPARISON STARS 






































| ° 
From N.P. Compe. | ZERO-POINT From REL. Macs. 
STAR |-———— j bie l aE A oe | rm SP eo es a st aan a 
| Pg. Pv. | CL. | Pg. Py. Pg. | Pv. C.I. 
BS ee 9.73 9.18 | 0.55 | 9.46 8.70 | 9.78 9.24 0.54 
ee 10.62 10.01 | 0.61 | 9.54 8.80 10.59 9.97 0.62 
: ee II.10 10.63 0.42 - 1--@. 85 8.75 II.10 10.64 °.46 
@. 424 12.23 10.89 1.34 | 9.46 8.79 12.28 10.86 1.42 
Typ ae Re 8S, vente ns, 5 balou eutnien mY oS eee 12.15 | 11.76 ©.39 
— | 
ES sis eae Be ee sical | 9.51 ty a eee, TERETE 
TABLE X 
INTERNAL AGREEMENT AND ADOPTED MAGNITUDES 
N.P. Comp. minus Ret. Mac. ApopTEeD MAG. AND COLOR 
STAR | C.I. FRoM 
; | | Exp. Rar. 
Pg. Pv. bei Pg. Pv. C1. 
Bas tensed vk bok —5 —6 +1 9.76 9.21 ©.55 | 0.56 
Bixlae bee vee +3 +4 | —1 | 10.60 9-99 | 0.61 | 0.66 
Bos PERE ewes ° —I +z | 12.10 10.64 | 0.46 0.30 
SO ah —5 +3 —8 | 12.26 10.88 | 1.38 | 1.28 
Sy .. oa eee ete’ oe hake ee ORE EF Re | 12.18 % 11.76 | 0.42 | 0.37 


FINAL MAGNITUDES—-THE COLOR-CURVE 


We are now in a position to finish the reductions in Table VI. 
Subtracting the magnitudes of the comparison stars in the ninth 
column from their adopted values in Table X, we find the mean 

' Seares, Mt. Wilson Communication, No. 33; Proceedings of the National Academy 
of Sciences, 2, 521, 1916. For a test of the colors of the North Polar Standards, see 
Mt. Wilson Communication, No. 38; Proceedings of the National Academy of Sciences, 3, 
29, 1917. 
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zero-point correction for the plate, namely, 8.31 mag., and, finally, 
the magnitudes and residuals in the last two columns of Table VI. 
The main result, however, is the magnitude of the variable, 11.11, 
which has been transferred to Table XI, where it appears with 
similar results from the other plates. 

The magnitudes in Table XI—both photographic and photo- 
visual—have been compared with the mean visual light-curve in 
Table V. The photo-visual residuals in the last column of Table XI 
(unit =o.o1 mag.) are appreciably smaller than the visual residuals 
(see last column, Table I, and probable errors in Table IV); as 
already stated, they show that the photo-visual observations are 
very satisfactorily represented by the adopted visual curve. 

The comparison of the photographic measures with this curve 
gives the color-indices of the variable in the eighth column of 
Table XI. These are plotted in the lower part of Fig. 1 and show 
at a glance the change in color paralleling the variation in light. 
The ordinates of the mean color-curve are in Table V alongside the 
visual light-curve. The deviations of the color-indices from the 
mean color-curve are appropriately entered in Table XI under 
the heading “ Photographic O—C,”’ for they are numerically equal 
to the deviations of the observed photographic magnitudes from 
the mean photographic light-curve obtained by adding the two 
series of ordinates in Table V. These residuals are even smaller 
than those in the last column of the table, owing, probably, to the 
larger number of exposures made on the plates from which photo- 
graphic magnitudes have been determined. 

The maximum and minimum brightness are: photographic, 
9.70 and 11.21; visual, 9.85 and 10.70. The amplitudes, 1.51 
and 0.85, respectively, are in the ratio of 1.78 to r. 


SYSTEMATIC DEVIATIONS FROM MEAN LIGHT-CURVE 


The systematic deviations of the photographic and photo- 
visual results from the mean curves are negligibly small—in no 
case exceeding 0.03 mag. per night. The variation on the three 
nights involved seems therefore to have been quite normal. 

The residuals of the much longer series of observations in 
Table I, on the other hand, present numerous instances of 
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TABLE XI 


PHOTOGRAPHIC AND PHOTO-VISUAL OBSERVATIONS 
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G.M. Date PHASE PHOTOGRAPHIC PHOTO-VISUAL 
nee a ee ‘ail 
PLaTE Nos. | oe 

Pg. Pv. Pg. Py. Mag. O-C | Mag. | O-—C 

1914, July 16. J.D. 2420330 
1613-1614....| .670 | .679 120 | 129 | 10.77 | —12 +0.40 10.41 ° 
1615-1616....| .683 | .690 133 | 140 | 10.88 | —14 | .46 | 10.61  —17 
1617-1618....| .697 | .704 147 154 | 10.79 | + 2 | 33 | 10.55| — 7 
1619-1620....| .708 | .716 | 158 | 166] 10.94] — 7 | .45 | ‘10.40 | +12 
1621-1622....| .720 | .727 | 170| 177 | 10.98| — 6 -45 | 10.47:| + 7 
1623-1624... .| -731 | .738 181 | 188 | 10.92 | + 3 | -37 | 10.64| — 7 
1625-1626....; .746 | .754 | 1096 204 | 11.01 | — 1 | .43 | 10.70 | —10 
1627-1628....| .758 | .766 | 208 | 216 | 11.03] +1| .42| 10.59 | + 3 
1629-1630....| .770 |! .778 |. 220 | 228 | 11.11 | — § | .49 | 10.70 | — 6 
1631-1632....| .782 | .792 | 232 | 242 /| 11.03 | + 6 -39 | 10.65 | ° 
1633-1634....| .796 | .804 | 246 | 254] 11.15 Eg -49 | 10.71 | — § 
1635-1636....| .808 | .815 | 258 | 265 | rr.1r | + 2] .44 | 10.74 | — 
1637-1638....| .820 | .828 | 270| 278 | 10.99 | +16 | .31 |(10.30)| (+39) 
1639-1640....| .832 | .842 | 282 | 292/ 11.04| +13 | .35 | imvis. |...... 
te tee ee Me ee Beet | 11.12 | +7 \+0.42 |....... Ries 

1914, July 17. J.D. 2420331 
1648-1649....| .670 | .676 365 | 371 11.11 | —12 |+0.62 | 10.48 | — 9 
1650-1651....| .682 | .688 | ° | 6 | 10.57| + 2\|+ .28| 10.14 | + 4 
1652-1653....| .695 | .700| 13] 18| 10.08| +7 .00| 9.906) +4 
1654-1655....| .706 | .712 | 24; 30] 9.67 | +13 |— .24 | 9.71 | +14 
1656-1657....| .716 | .723 | 34] 41/| 9.88 | —14 /+ .02 | 9-93 ° 
1658-1659....| .729| .735 | 47| 53] 9-90} +4|— .09] 9.06°| + 7 
1660-1661....| .742 | .747| 60| 65 | 10.09| + 1 j+ .02} 10.01 | + 9 
1662-1663....| .753 | .758| 71 | 76 | 10.25 | — 3 -Ir | 9.90 +27 
1664-1665....| .764| .770| 82]! 88| 10.36 | — 3 .16 | 10.325 | — 2 
1666-1667....| .776 | .782 | 94] 100] 10.35 | +10 .09 | 10.27| +1 
1668-1669....| .789 | .796 | 107 114 | 10:56 | — 2 .25 | 10.37 | — 3 
1670-1671....| .802 | .807 | 120| 125 | 10.61 | +4 .24| 10.40| — I 
1672-1673....| .812 | .818 130 | 136 | 10.67| + 5 .26 | 10.31 | +12 
1674-1675....| .824 | .830 142 148 | 10.58 | +21 .13 | 10.54| — 8 
1676-1677....| .836 | .841 | 154 | 159 | 10.83 | + 2 |+0.35 10.58 | — 8 

1914, July 18. J.D. 2420332 

| | 

1684-1685....| .670 | .678 | 233 | 241 | Ir.19 | —10 |+0.55 | 10.71 | — 6 
1686-1687....| .684 | .690 | 247 | 253 | Ir.12 ° .40 | 10.63 | + 3 
1688-1689. ...| .697 .703 | 260 266 | 11.09 | + 4 .42 | 10.70 | — 2 
1690-1691....| .710 | .718 | 273 281 | 11.16 | — 1 | .48 | 10.62) + 7 
1692-1693....| .725 | .731 | 288 | 204 | 11.08 | +11 .38 | 10.65 | + 5 
1694-1695....| .737 | -744 | 300 907 | 113.22 | = 3 .§2 | 10.79| — 9 
1696-1697....| .7§% | .757 314 320 | 11.22 | — 2 .§2 | 10.76 | — 6 
1698-1699....| .766 | .772 | 329 | 335 | 11.21 ° .51 | 10.89 | —19 
1700-1701....| .778 -784 | 341 347 | 11.13 | + 8 .44 | 10.80 | —14 
1702-1703....| .793 | .800 | 356 363 | 11.13 | — I .52 | 10.52 ° 
1704-1705....]| ; 812 | 375 | 10.90 | — I .47 | 10.33 | — 1 
1706-1707....| .820 .827 | 6/ 13] 10.41 | — § |+ .23| 9.92 | +16 
1708-1709....| .834 | .841 | 20 27 9.05 | — 7 |—0.02 9.72 | +15 
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systematic divergence; for example, those for J.D. 7660, 7667, which 
are prevailingly positive, and for J.D. 7994, 8118, 8120, 8122, 
8131, which are negative. These can scarcely be attributed to 
variability in the comparison stars, nor is it likely that they are 
the result of systematic errors of observation. The residuals are 
larger than the errors normally associated with observations made 
with the wedge photometer. Moreover, many of the measures, 
those for J.D. 7660, 7667, 7994, among others, were referred simul- 
taneously to two comparison stars, one equal to or a little brighter, 
the other appreciably fainter than the variable, with results sensibly 
the same in both cases. Another peculiarity is found in the fact 
that divergences of a given sign tend to persist for some time; thus 
during the interval J.D. 7660-6716 they were positive, while for 
J.D. 8118-8131 they were negative. The explanation is probably 
to be found in abnormal fluctuations in the light of the variable, 
a phenomenon now apparently well established for several of the 
cluster-type variables." 


COMPARISON WITH SPECTROSCOPIC RESULTS 





The large change in color—more than 0.6 mag. in the index 
led naturally to an inquiry into the spectroscopic behavior of 
RS Boétis. Mr. Pease kindly placed the star on his program, and 
quickly found a change in spectral type? occurring simultaneously 
with the fluctuations in light and color which very nearly equals 
that to be inferred from the well-known relation between color- 
index and spectrum. 

A detailed comparison of Pease’s spectra with the color-curve 
of RS Boétis is given in Table XII. The date, G.M.T. of the 
middle of exposure, and the spectrum are from his data. The 
color-indices in the fourth column were interpolated from the curve 
in Table V, with phases counted from instants for which v=8. 
Those in the sixth column were derived from the spectra by the 
formula C.I.=o0.4.S, in which for Bo, Ao, Fo, etc., S has the 

* Shapley and Shapley, Mt. Wilson Contr., No. 104; Astrophysical Journal, 42, 


159, 160, 1915; Shapley, Mt. Wilson Contr., No. 112; Astrophysical Journal, 43, 217, 
1916; also various references cited in the latter of these investigations. 


2 Publications of the Astronomical Society of the Pacific, 26, 257, 1914. 
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numerical values —1,0, +1, etc.’ The differences in the two series 
of results—the color-excess?—are in the last column of the table. 
Ten of the thirteen values are less than a tenth of a magnitude. 
The amplitude of the color-variation derived from spectra is some- 
what smaller than that indicated by the color-curve; but the 
spectra near minimum are few in number and less accordant than 
the others, so that conclusive results are not to be expected. 
Notwithstanding the slight excess of negative signs, the mean 
color-excess is sensibly zero. 


TABLE XII 


COMPARISON OF COLOR-CURVE WITH SPECTRA 




















Date ——_ | Sp. “7. ee | Phase Sok ace Color-Excess 
1914 

a ae 17°16" | Bo —0.05 | 0.018 —0.04 —0.01 
G2. 13 S71 oa — .05 | .047 .00 — .05 
ny ee 18 40 | As + .2: | .077 + .20 — .09 
Seay ae 16 35 | A6 ++ .4¢ 1° oe + .24 + .21 
98. «i653 6 ak): RB + .40 . 2906 + .40 + .09 
See 90-29 A 1 Se . 349 + .20 + .32 
Pees 16 28 Be 1 = a8. 4 .099 + .28 — .07 
eee 1 5 AS | + .39 | _.167 + .32 + .07 
ea 17 22 | Ag |. + .28 | .00g + .16 + .06 
ee ees, 18 7 | B8 Ba. | .036 — .08 | — .03 
SS 18 52 | A6 | + .06 | .067 + .24 — .18 

Aug. 17...... ss 57 | Ao — .o8 | .042 .00 — .08 
Rk: 16 52 | Ags | +0.12 | 0.079 +0. 20 —0.08 


The negligible character of the color-excess was found from a 
preliminary reduction, based upon approximate zero-point deter- 
minations made in 1914, and was then a result of special interest 
as one of the earliest indications that the coefficient of space- 
absorption must be extremely small. Hertzsprung® and Russellé 
had found the Cepheids, as a class, to be very bright, and, in general, 
stars with early type spectra were known to be highly luminous 

* Seares, Mt. Wilson Communication, No. 16; Proceedings of the National Academy 
of Sciences, 1, 481, 1915. 

2 Ibid. 

3 Zeitschrift fiir wissenschafiliche Photographie, 5, 107, 1907; Astronomische 
Nachrichten, 196, 201, 1913. 

4 Science, N.S., 37, 652, 1913. 
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and to show only a small dispersion in their absolute magnitudes. 
Since the median apparent brightness of RS Bodtis is only 10.3, 
this meant that its distance must be relatively great.' The color, 
however, is only that normally associated with similar spectra in 
the case of much less distant stars, thus leaving no appreciable 
excess to be accounted for by scattering of the star’s light in its 
passage to the earth.?. This conclusion disregarded the influence of 
the star’s absolute magnitude on its color; but the indications were 
that for stars of early-type spectra this must be very small, and, 
moreover, that for a highly luminous object like RS Boétis any 
effect of absolute magnitude would probably increase the color- 
excess and thus make the estimated upper limit for the absorption 
coefficient too large.’ 

Subsequent observations by Shapley‘ have revealed variations 
similar to those of RS Bodtis in the spectra of other objects, includ- 
ing several of the longer-period variables which by themselves 
were formerly supposed to constitute the Cepheid class, as well as 
a number of the short-period cluster-type variables now also com- 
monly classed with the Cepheids. The spectrograms by Pease 
and Shapley, however, were of low dispersion. For those of Pease 
Hy to K was 2} mm and their classification could be based only 
on the hydrogen lines and to some extent on the K line of calcium. 
Thus the presence of types B8 and Bg in Table XII is not to be 
interpreted as meaning that the helium lines characteristic of these 
types were actually observed in the spectra. ‘The classifications 
by Shapley are also based mainly on the lines of hydrogen, although 
calcium lines and the G band were used to some extent for types 
F and G. Still later observations by Adams and Joy,’ with higher 


*A recent determination by Shapley gives absolute magnitude M=-—o.3, 
parallax r=07%00076. Mt. Wilson Contr., No. 153; Astrophysical Journal, 48, 1918. 

2 The same principle and others analogous to it have recently been applied by 
Shapley to the enormously distant globular clusters, with the result that the coefficient 
of absorption must be far below the upper limit fixed by this early inference. 

3See summary of results by Adams and by van Rhijn given by Kapteyn in 
Mt. Wilson Contr., No. 83; Astrophysical Journal, 40, 187, 1914. 

4 Mt. Wilson Contr., No. 124; Astrophysical Journal, 44, 273, 1916, and elsewhere. 

5 Mt. Wilson Communication, No. 53; Proceedings of the National Academy of 
Sciences, 4, 130, 1918. 


—————— 
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dispersion, confirm the foregoing results, so far as changes in the 
hydrogen lines are concerned, for a number of stars with periods 
greater than a day, but show little or no corresponding change in 
the less conspicuous features of the spectra, which are also char- 
acteristic of the various spectral classes. 

Presumably this peculiar behavior occurs also in the case of the 
cluster-type variables. But, in spite of the many similarities con- 
necting the two subclasses of Cepheids, the singularities in their 
periods and distribution, and possibly also in their motions," 
suggest some reservation of judgment in the case of stars such as 
RS Boétis which thus far have not been observed with the disper- 
sion necessary for a detailed study of their spectral characteristics. 
For the present, the significant result is the suggestion that the 
color of the Cepheid variables is more closely correlated with 
the behavior of their hydrogen lines than with other spectral 
phenomena, even though the latter may be important criteria for 
classification. 

For several of the longer-period Cepheids the question thus 
raised can be put to a direct test. Adams and Joy have given 
spectral classifications corresponding to maximum and minimum 
light, based both on the hydrogen lines and on the “general spec- 
trum’’; and from various sources we can derive values of the 
color-variation for comparison with the spectral changes. Supple- 
mentary evidence indicating the intimate connection of color and 
spectral type as derived from the hydrogen lines is also available 
for various stars whose general spectrum, in the sense used by 
Adams and Joy, has not yet been observed. 

The data are in Table XIII. The results by Adams and 
Joy for the third, fourth, and fifth stars are from Mt. Wilson 

* The frequency-curve of the periods shows two maxima, one for twelve hours 
and one for seven days, corresponding to the two subclasses of Cepheids. The longer- 
period stars are closely confined to the plane of the Galaxy, while the cluster-type 
variables are widely scattered throughout space. So far as known, the proper motions 
and radial velocities of the long-period Cepheids are small or moderate; of the short- 
period Cepheids, relatively large. Two recent spectrograms of RS Boétis by Adams 
give V=—52km per sec. See Hertzsprung, Astronomische Nachrichten, 179, 376, 
1909; 192, 262, 1912; 196, 205, 1913; and Shapley, Mt. Wilson Conitr., No. 153; 
Astrophysical Journal, 48, December, 1918. 
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Communication, No. 53; those for n Aquilae and 6 Cephei are from 
spectrograms specially selected by Adams on account of their close 
agreement with the instants of maximum and minimum brightness, 
while those for XZ Cygni are unpublished results from two low- 
dispersion spectra, one at minimum, the other near but not actually 
coinciding with the maximum. The limiting spectral types by 
Shapley are from the curves given in Mt. Wilson Contribution, 
No. 124.2? The changes in color given in the last three columns, 
corresponding to the observed spectral variations, were obtained 
as usual from the relation C.I.=0.4 S. 


TABLE XIII 


CHANGES IN COLOR AND SPECTRUM FOR VARIOUS CEPHEIDS 





HypRoGEN Lines | CHANGE IN C.I. From Sp. 











| AMPLITUDE ‘ GENERAL 

STAR | Povo ag a «....}| Hydrogen Lines 

rc ee Adams : General 
| AND Joy | and Joy Shapley | Spec- an 

Pg. | Vis. | trum /A.andJ.| Sh. 

» Aquilae*...| 1.09 | 0.67 | 0.42 | Fo-Gr} Fi-Fo | Fo-G1 | 0.08 | 0.32 | 0.44 
5 Cepheif....| 1.25 .76| .49 | Go-Go| Fo-Go| Fo-G2 00 .40| .48 
¢Gemin.{...| 1.00] .62 .38 | Fo-Go| F2-F3 |......../( .04)/( .04)]...... 
RT Aurigae§.| 1.20] .85}| .35 | F7-Go| Fo-F8 | Ag-Fo | .12]| «32 .40 
SU Cass.||....| 0.47 | .33| .14| F7-F8 | F3-F6 | Ao-F4 | 0.04] 0.12] .20 
SU Cygni9...) 1.15 | .80| .35]........ ee SD Eo dla « «ss | .36 
T Vulpec.J...) 1.20} .80/ .40]...... ae a ee 44 
S Sagitt.4....| 1.30] .77 a See bsp heed F4-G2 |..... Peer a 
U Vulpec.f..) r.1 | .68 : ee ere a Gt Re Fea (0. 24) 
XZ Cygni**..| 1 SS REAL US (0.32) ssn 





rr tee ty) 2 ee 
* Kohlschiitter, Pg.; Luizet, Vis. Astronomische Nachrichten, 183, 265, 1910. 

t Wirtz, Pg. Astronomische Nachrichten, 154, 327, 1901; Stebbins, Vis., Astrophysical Journal, 27, 
188, 1908. 

t Wirtz, Pg. Loc. cit.; Vis. is the value from Argelander’s observations as given by Wirtz. The only 
Cepheid of normal amplitude thus far observed whose hydrogen lines do not indicate an appreciable 
change of type. 

§ Kiess, Laws Observatory Bulletin, 2, 99, 1915. 

|| Parkhurst, Pg., Astrophysical Journal, 28, 279, 1908; Miiller and Kempf, Vis., Astronomische 
Nachrichten, 173, 307, 1907. 

q Pg. data by Wilkins; Vis., by various observers, collected by Wilkins, Astronomische Nachrichten, 
172, 316, 1906. The comparison for U Vulpeculae is unreliable; the star is probably subject to large 
fluctuations (cf. Laws Observatory Bulletins, 1, 150, 1907); moreover, the spectra are difficult and not well 
distributed over the curve. 


** Photometric data by Martha Betz Shapley, Mt. Wilson Conir., No. 128; Astrophysical Journal, 


45, 182, 1917. The spectrum Ao corresponds to an instant following the maximum by 0.03 day. Since 
the period is only 0.47 day, the change in color derived from the spectrum is probably too small. 


For the general spectrum there is little change in passing from 
maximum to minimum and the inferred color-changes in the 


* Proceedings of the National Academy of Sciences, 4, 130, 1918. 


2 Astrophysical Journal, 44, 273, 1916. 
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eighth column are very small, whereas those derived from the 
hydrogen lines (ninth and tenth columns) are sensibly equal to 
the color-variation found from the photometric data (fourth 
column). Disregarding values in parentheses because of the 
peculiarities and uncertainties mentioned in the notes, the mean 
results are: 


High-dispersion, four stars, Adams and Joy: 


Color-change from general spectrum............ -+o.06 mag. 

Color-change from hydrogen lines............... +0. 29 
Low-dispersion, same stars, Shapley: 

Color-change from hydrogen lines............... +o.38 mag. 

Observed change in color-index ................ 40.35 


For the seven stars observed by Shapley which have trustworthy 
results the means are 


Color-change from hydrogen lines................... +o.38 mag. 
Color-change from color-index.....................- +0.38 


The intimate connection between color and spectral type as 
derived from the hydrogen lines is shown clearly enough by these 
results; in fact, the closeness of the agreement for individual stars 
is rather surprising in view of the heterogeneous character. of the 
photometric data and the uncertainties of classification, especially 
for low-dispersion spectrograms. On the other hand, it is equally 
clear that there is little or no correlation between the color of 
Cepheids and numerous other features of their spectra, which, for 
the stars in general, commonly follow the hydrogen lines in their 
changes throughout the normal succession of spectral types. 


SUMMARY 


Two independent series of observations on the cluster-type 
variable RS Boétis—one visual, the other photographic and photo- 
visual— made with different instruments and separated by an inter- 
val of several years, have been discussed for the revision of the 
elements and the determination of mean light- and color-curves. 


‘There is some evidence of irregular fluctuations in the light, but no 


certain indication of a variation in the period, the adopted value for 
which is based on nearly 7000 cycles of variation. 
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The photo-visual observations are well satisfied by the mean 
curve based on the visual observations. The amplitude of the 
photographic variation is 1.78 times that of the visual. The 
color-index varies continuously from —o.15 mag. at maximum to 
+0.52 mag. at minimum. 

The change in color agrees closely with that to be inferred from 
spectrograms by Pease. Bearing in mind certain anomalies in the 
spectroscopic behavior of other Cepheids, this result indicates that 
the color of these variables is more closely correlated with the char- 
acteristics of their hydrogen lines than it is with less conspicuous 
phenomena of the general spectrum also used for spectral classi- 
fication. An examination of all the data available confirms this 
conclusion for a number of Cepheids. 


Mount WIitson SoLtaR OBSERVATORY 
July 1918 


-- 





ARC AND SPARK SPECTRA AND THE PERIODIC 
SYSTEM 


By INGO W. D. HACKH 


The purpose of this paper is twofold: first, to give a precise 
statement of the present status of the periodic system, and, second, 
to point to some very striking regularities in the arc and spark 
spectra of the elements. The necessity of a clear-cut statement 
of the modern form of the periodic system is evident from a con- 
sideration of the rapid development of chemistry and increase of our 
knowledge which has made the classical table of Mendeléeff obso- 
lete. The second reason is perhaps more important, as it forms 
additional evidence for some modern theories concerning the struc- 
ture of the atom. The regularities in the total number of lines and 
their intensity, connected with the electro-potential and polar num- 
bers, are remarkable, and the following figures and tables are the 
result of an extensive survey of the arc and spark spectra, which 
perhaps may lead to a clearer understanding of subatomic phenom- 
ena. It is needless to say that the present work, so far as it con- 
cerns the spectra, has been very selective, that is, for obvious 
reasons very few publications from the very large amount of litera- 
ture on the subject have been made the basis for this paper. 

Beginning with the periodic system we may assume that under 
the present cosmical conditions of our earth 92 elements (with 
isotypes) are able to exist, and of these 92 elements only 5 remain 
still to be discovered, namely, the elements with atomic numbers 
43, 61, 75, 85, and 87. 

With these five unknown elements the periodic system is com- 
plete, for the limits are determined on the one hand by the radio- 
active substances, that is, those elements in which the structure 
has become so large and the number of electrons so great that it 
is more or less unstable under present cosmical conditions and 
causes atomic disintegration, forming smaller atoms. On the 
other hand we have the lightest elements, hydrogen and helium, 
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and although there are some indications of elements lighter than 
helium, it does not matter, for the first period of the present system 
begins with helium, and any new elements lighter may form with 
hydrogen a separate period (e.g., the hypothetical coronium, 
nebulium, protofluorine, etc.). 

Having defined the limits to be H-1 and He-2, respectively, and 
U-92, the next task will be a suitable graphical representation of 


TABLE I 
THE PERIODS AND SUBPERIODS 


Periods: are determined by the noble gases (inert elements), the sub- 
periods by the elements of the carbon group 





Period |Elements| No.of 
from to |elements 








I He - F 8 


II Ne - Cl 8 





III Ar - Br; 18 


IV Kr - I 18 





Vi} Xe - 85] 32 





vI Nt - JU 7 











electro motive force 


classes of elements 
= noble gases 
CG = carbon group 














the system, which, when arranged according to increasing atomic 
weights, forms a continuous line, with periodic changes in the 
properties of its members. Mendeléeff and Meyer wrote the 
series simply in rows, and at that time it was the best representa- 
tion. But today we know that the periods are not of equal length 
but become longer with higher atomic weights. We may take the 
noble gases as terminals for each period and have then the periods 
shown in Table I. In this table a further distinction of the periods 
into subperiods has been made, necessitated by the properties of 
the elements: thus the elements in Ia, Ila, IIIa, [Va, and Va are 
analogous to each other, also the elements in III’, IV’, V’, etc. 
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The different length of the periods is of fundamental importance, 
for by it alone can we explain a great number of phenomena. 
Assuming, for example, the noble gases, or inert elements, as having 
an electromotive force of +, that is, having no free electrons 
because their electrons form a stable system of eight (or multiple 
of eight), and the electromotive force of the carbon-group elements 
as +o, that is, having four (or a multiple of four) free electrons, 
we may take the noble gases as the terminals of the periods and 
the carbon elements as the transition points. In each period we 
proceed then from + © through =oto+oo. The first two periods, 
containing only eight elements, show therefore well-marked and 
characteristic electro-potentials, the curve falling from positive 
(Li and Na) through zero (C and Si) to negative (F and Cl). In 
the next two periods the beginning and end are analogous to the 
first two periods, the curve falling from positive (K and Rb) to 
zero (Ti and Zr) at the beginning, and from zero (Ge and Sn) to 
negative (Br and I) at the end. But between the two zero-points 
in each period (Ti—Ge and Zr-Sn) there is the subperiod coming in, 
the curve falling at first from zero (Ti and Zr) to negative (Cr and 
Mo) and then rising to positive (Ga and In), when it again falls 
to zero (Ge and Sn) and, as indicated above, to negative (Br and I), 
and is then connected with the following period by the noble gases 
(Krand X). In the very long period of 32 elements we have similar 
curves of electromotive forces, for example, from positive Cs to 
amphoteric Ce, then follow the rare earths, and finally from nega- 
tive Ta to positive Tl and through amphoteric Pb to negative 
Eka-iodine and the inert Nt. 

Nearly all of the newer proposals for a modification of the 
periodic system try to embody this fundamental distinction of the 
different periods,* and the fact that the periods are unequal in 
length gave rise to the many different graphic representations in 
the form of spirals or helix. All of these are more or less suitable, 


* Batschinsky, Zeitschrift fiir physikalische Chemie, 43, 372, 1893; Werner, Berichte, 
38, 914, 1905; Adams, Journal of American Chemical Society, 33, 648, 1911; Harkins, 
ibid., 38, 169, 1916; Hackh, Weltwissen, 3, 63, 1915; American Journal of Science, 46, 
481, 1918. ° 

2 Emerson, American Chemical Journal, 45, 411, 1911; Rayleigh, Proceedings of 
Royal Society, 85, 471, 1911; Scheringa, Chem. Weekblad, 8, 389, 1911; Rydberg, 
Chemical Abstracts, 9, 540, 1915; Soddy, Le Radium, 11, 6, 1914; “Chemistry of the 
Radioactive Elements,” Part 2, 11, 1915; Loring, Chemical News, 111, 157, 1915. 
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and their acceptance depends mainly upon the taste of the indi- 
vidual. I myself have modified the spiral of Emerson in the way 
shown in Fig. 1, differing somewhat from the spirals of Soddy and 
Harkins. While there is no essential difference but only a different 



































Fic. 1 


appearance of the same principle, I have selected this spiral, for 
it makes possible the construction of a table. The great drawback 
of all spirals is the difficulty of reproducing them, and my aim was 
to embody in a table the advantages of a spiral. Thus I have 
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treated the upper part of the spiral in relation to the lower half as 
an object and its mirror-image, and constructed Table II. In this 
table the Roman numerals indicate the periods, while the Arabic 


TABLE II 


THE PeErRIopIc SYSTEM OF THE ELEMENTS 


Atomic numbers, symbols, groups, periods 


Phos- | Sul- | Halo- Alkali | Earth | Earth Car- | 














| Carbon | | 
: | phorus | ph . Alka- | bon | 
| Group | phorus | phur | gen. 0 ——_(Group| AMS jetal| bo, 
4 | sA | 6A 7A 1A | 2A =i 2 
82 | 83 84 | 85 86 | 87 | 88 | 89 go | 
Vb Pb | Bi Po Nt | Ra | Ac | Th VI 
| | 
| oi ge lgelg 54 55 | 56 | 57 | 58 
IVb Sn | Sb re I Xe | Cs | Ba | La | Ce Va 
| 
32 | 33 | 34 | 35 36 37 | 38 | 39 | 40 
IIIb Ge As Se Br Kr Rb} Sr | ¥ Zr | IVa 
j | | | 
) 2a fay 16 17 18 | 19 | 20 21 22 | 
IIb | Si P S Cl Ar ms * Cai} Se |} Tet Tie 
| 
6 7 8 9 10 Il | 12 | 13 14 | 
Ib C1 8 O F Ne Na | Mg | Al Si Ila 
Sette mt 3s Pe eek 
I 2 a 6 
H He Li | Be B fs la 
22 23 24 25 | 26 27 28 | 29 | 30 | 31 32 
IIT’ Ti V Cr | Mn |.Fe Co Ni} Cu} Zn | Ga | Ge | Ill’ 
| 
40 41 42 | 43 | 44 45 46 | 47 | 48 | 49 | 50 
IV’ Zr | Cb | Mo | Ru Rh Pd | Ag | Cd In Sn | IV’ 
| 
58 | 59 | 60 | 61! 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70 | 71 | 72 
Vv” |Ce}| Pr| Nd | Sa | Eu} Gd| Tb} Dy | Ho} Er|Ad} Cp | Yb | Lu} V” 
| | | | | 
72 | 73 | 74 | 78 | 76 | 77 | 78.| 79 | 80 | 81 | 82 | 
Vv’ Lu Ta W Os Ir Pt Au | Hg | Tl Pb vy’ 
90 QI 92 
VI Th Bv U 
4 | 5B 6B | 7B 8 1B | 2B} 3B 4 | 


numerals show the respective groups, which are identical with the 
main and subgroups of Mendeléeff’s table. The advantages of 
the table are manifold. In the first place its compactness is remark- 
able, and by elimination of the many empty spaces of the old 
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table the elements have come closer together. Also similar ele- 
ments are not separated by the members of the ‘‘subgroups,”’ and 
still the relationship of main group A to subgroup B is preserved. 
A new and striking relationship is established in the fact that the 
similarity among the properties of the elements in (a) the upper 
half of the table is more pronounced in the vertical direction, and 
(6) the lower half of the table is more pronounced in the horizontal 
direction. 

If we call the relationship in the vertical direction “group rela- 
tion”’ and the relationship in the horizontal direction ‘period rela- 
tion,” it becomes apparent that, for example, the group relation 
of gold refers to its relation with Ag and Cu, while the period relation 
of gold refers to Hg and Pt. It furthermore becomes apparent 
that in the subperiods Ia, Ila, Illa, 'Va, Va, and Id, Ild, IILTé, 
IVb, Vb, the group relation is predominant, while in the subperiods 
III’, IV’, V’, and V” the period relation prevails. 

This fact can be explained by the constitution of the atom: 
that is, the excess of free electrons is either too small or too large to 
form the stable system of eight or a multiple of eight in the case 
of group relationship, while in the case of period relationship the 
number of free electrons is large enough to form two systems which 
are in equilibrium, an idea similar to the one developed by Parson’ 
in the case of the ‘‘ magneton.” 

It will be sufficient to mention only a few of the general prop- 
erties of the elements prevailing in certain areas of the table. 

The elements in the upper half of the table have the highest 
electro-potential and form mainly colorless ions and soluble com- 
pounds; they possess mostly a single valence and produce simple 
salts. 

The elements in the lower half of the table have a weaker electro- 
potential and form mainly colored ions and many insoluble com- 
pounds; they possess mostly more than one valence and produce 
complex double salts. 

On the left side of the table are the electro-negative elements 
which form acids and oxysalts. 


t “ A Magneton Theory of the Structure of the Atom,” Smithsonian Misc. Coll., 65, 
No. 11 (Publication No. 2371), rors. 
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On the right side of the table are the electro-positive elements 
which form bases and sulphides. 

In the center of the lower half are the amphoteric elements, 
forming weak acids and weak bases. 

The values for specific gravity, melting- and boiling-points, 
conductivity, compressibility, etc., when written in the table, 
show clearly that the periodicity and the relationship of these 
constants is seen much better than in the old table, for the reasons 
explained above. 

Coming now to the spectra of the elements my aim was to 
select from the vast amount of literature such data as would enable 
a good comparison, that is, such results as were obtained by employ- 
ing as far as possible the same method of experimentation. It is 
of little value to compare, for instance, the spectrum of an element 
obtained by a short photographic exposure with the spectrum of an 
element obtained by a longer exposure, for in the latter case 
naturally many more lines will appear. The resolving power of 
the grating or prism, the density of current employed, the physical 
condition of the substance—all these affect the appearance of the 
spectrum, as is well known. Then after the photograph of the 
spectrum has been made, the personal equation, that is, the judg- 
ment of the intensity of a line, is subject to many variations. All 
these factors must be considered, and a comparison of the spectrum 
obtained by different observers is therefore extremely difficult and 
of doubtful value. After a survey of the extensive literature I 
came to the conclusion that the work of Exner and Haschek,' 
covering a period of several decades and published in the Proceedings 
of the Vienna Academy, furnishes a good basis of comparison. In 
addition to this I have also consulted Eder and Valenta,? whose 
beautiful atlas is a valuable contribution to the physical literature. 

The work of Exner and Haschek embraces 77 elements, of which 
the arc and spark spectra were photographed. The plates were 
projected upon a screen on which the measurements were made. 
The range extends from 2200 to 700 A for the arc spectra and from 

* Die Spektren der Elemente bei normalen Druck, Leipzig and Wien, 1911-1912, 
3 vols. 


2 Atlas typischer Spekiren, Wien, 1911. 
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2100 to 6800 A for the spark spectra. The same Rowland grating 
and quartz lens were used throughout the investigation, and the 
experimental conditions were as far as possible kept within certain 
limits. For this reason their work represents a valuable basis for 
comparison. In the atlas of Eder and Valenta there are flame, arc 
and spark spectra, and their work is more of an encyclopedic char- 
acter, for in preparing their tables they used not only their own 
results but also those of other investigators to supplement their 
own data. 

The total number of lines measured by Exner and Haschek is: 


61,580 lines in arc spectra 


60,252 lines in spark spectra 


and in Tables III and IV the total number of lines in the arc or 
spark spectra for each element is given, while L of Fig. 2 shows the 
periodicity of the total number of lines. 

Omitting the two first periods, it will be observed that the curve 
rises in subperiod Ila, IIa, IVa, Va, that the highest peak is 
reached in III’, IV’, V’, respectively, and drops very low in ITI, 
IVb, Vb. In the figure the noble gases are indicated by a heavy 
line, thus starting and ending a period, while the elements of the 
carbon group are indicated by a broken line, thus showing the 
transition points. 

Excepting the rare earths (subperiod from 58-72) it is evident 
that the curve is similar in the periods 


IIIa, Il’, 111d 
IVa, IV’, IVb 
Va, V’, Vb 


and in Fig. 3 the average curve for these three periods has been con- 
structed. The number of lines in the arc spectra (indicated by 
unbroken line and circle) differs little from the number of lines in 
the spark spectra (indicated by broken line and points), and this 
difference may prove of importance in a study of the physical 
difference of experimentation in relation to the disturbance of 
electrons in the atom. 
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The curve at the bottom of Fig. 2 is the respective intensity- 
curve of the arc and spark spectra, that is, the brightest line is 


TABLE III 


NUMBER OF LINES IN ARC SPECTRA OF THE ELEMENTS 
Lower section, the intensity of the brightest line or lines (Exner and Haschek) 


; " 
| | 





Pb Bi Nt Ra | Th 
46 | 48 50 | 2316 
1000 =| 500 | 100 | 
Sn Sb Te I | Xe Cs | Ba | La | Ce 
44 38 4 ° 14 207 512 2894 
100 =| 30 5 200 |1000 | 20 10 
Ge | As | Se Br Kr Rb Sr , fa 
27, | «Oe CO ° 19 146 684 1070 
50 | 10 | 500 | 1000 a 
S| P| s Cl Ar K | Ca | Se | Ti 
40 | 15 | i | 114 | 342 | 1123 
3°0—C |; oy] 200 |1000 50° 20 
c | N O F Ne Na | Mg | Al | Si 
I 25 52 28 | 40 
3 1000 | 500 |1000 | 30 

H He Li | Be B | [ 

i: ts 2.) 

1000 20 20 | 3 

a rs | | 

Ti | V Cr Mn Fe Co Ni | Cu | Zn Ga | Ge 

1123 | 1642 1697 865 2392 | 1830 | 976 | 368] 35 | 14 | 27 

20 30 50 100 100 3050 | 3000 | 200 | 30 | 50 

Zr | Cb | Mo Ru | Rh | Pd | Ag | Cd | In | Sn 

1070 | 1770 | 3390 1948 | 1002 | 268 27 | 38 28 44 

15 50 50 50° 100 | 200 500 | 500 | 300 100 
Ce 


Pr | Nd | Sm| Eu | Gd | Tb | Dy | Ho | Er | Tm’; Tm” Yb_> Lu 
| 321 


2894 |2490 |2762 |1679 | 857 ae 2487 |3312 |1482 |232 
20} 20 30 30 20 50 


10 | 30} 20) 20 | 100 | 
1 - l 
Lu Ta | W Os | Ir Pt | Au | Hg Tl | Pb 
1285 3254 1340 | 806 461 | 35 78 | 22 | 46 
15 20 30] 15 50 | 5 500 500 | 1000 
| | 
Th U | 
2310 4940 
10 10 | | 





charted. It will be seen that the intensity-curve is nearly recipro- 
cal to the curve of the number of lines, that is, as a general rule 
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elements whose spectrum contain few lines show a high intensity of 
these lines, while elements with many lines in their spectrum have 
TABLE IV 
NUMBER OF LINES IN SPARK SPECTRA OF THE ELEMENTS 


Lower section, the intensity of brightest line or lines (Exner and Haschek) 








Pb | Bi Nt Ra Th 
84 | 121 10 2298 
500 100 50 10 
Sn | Sb Te I Xe Cs Ba La Ce 
103 | 200 II! 72 | 66 148 350 | 1758 
30 | 50 20 20 | 20 |1000 50 19 
Ge | As Se Br | Kr Rb Sr Y Zr 
62 | 69 63 as 62 80 430 1529 
so | 20 15 20 20 |1000 100 30 

- Wome S Cl Ar K Ca Sc Ti 
= | @s 44 IOI 61 84 204 1705 
rs | 20 10 30 20 |1000 100 | 100 

| 

Cc N O F Ne Na Mg Al Si 

28 142 113 69 13 58 II5 49 

20 50 10 5 20 500 100 15 

H He Li Be B c 

I 12 | 10 3 28 

I 200 | 20 20 20 

“ _ = ; | | 

Ti V Cr Mn Fe Co Ni Cu Zn Ga | Ge 

1705 | 2837 1806 | 1215 | 1838 1360] 623 | 328 134 14 | 62 

100 50 50 | 30 20 30 15 200 500 20 | 50 

| 

Zr Cb Mo Ru Rh Pd Ag Cd In | Sn 
1529 2086 | 3248 | 1659 948 532 380 129 30 | 103 
30 | 5 30 | 20 20 50 100 200 50 | 30 








Ce | Pr | Nd | Sm Eu | Gd | Tb | Dy} Ho} Er | Tm’ Tm”) Yb | Lu 





\1732 |2540 |1085 (1508 |1411I |1409 |1404 |1222 1785 | 667 
et 32 Io | 100 20 20 | 20! 30 10 20 
| 
Lu ae it WY Os Ir Pt .| Au Hg Tl Pb 
1560 3912 | 867 1400 | 618 | 370 99 18 84 
10 20 | 10 10 15 20 | 200 30 | 500 
Th ef 
2208 5655 
10 5 


a low intensity of these lines. It appears that number of lines (L) 


: ; ; L 
and intensity (J) are proportional to each other: F =k; but there 
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is the general exception that if the element is negative the intensity 


of the lines falls much below what should be expected. 























The periodic character and the regular rise and fall are 





The polar number of the elements is shown in the upper part of 


Fig. 2. 
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very clearly represented. Each dot represents a valence; thus 
bromine forms typical compounds with the polar numbers —1, 1, 3, 





- Arc 
O Spark 


X Polornumbers 












































1A2 3 4 SB6 7 8 38 8 IB2 3 4 SA 


Fic. 3 


5, and 7, while iron compounds with the polar numbers 2 (ferrous), 
3 (ferric), and 6 (ferrates) are known. 

Comparison of the polar numbers with the number of lines seems 
to indicate a displacement in the peaks by two elements: thus V 
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and Mn, Mo and Ru, W and Os, the peak of the number of lines 
preceding the peak of the polar numbers. 

While the curve of the number of lines resembles the curve 
of the polar numbers, the curve of the maximum intensity resembles 
the curve of electro-potentials (which is not shown in Fig. 2), and 
the generalization is justified that elements of high electro-potential 
give few lines and elements of weak electro-potential give many lines, 
to which as a modifying factor comes the fact that elements with a 
low polar number show very intense lines and elements with a high 
polar number show lines of weak intensity. 

This regularity is best expressed in Table V, in which L indi- 
cates the average total number of lines for a subperiod, and J the 


TABLE V 


THE AVERAGE NUMBER OF LINES OF THE ARC SPECTRA AND THE 
AVERAGE HIGHEST INTENSITY IN THE SUBPERIODS 





Period 






Polarnumber 0—— 1.2.3—- 4—— (3) — e 536.7.8 
| | 1.2.3—-4-5.6.7-0 


Upper number = Avorage number of lines in subperiod 
Lower number = Average highest intensity in subper. 


This table shows the relationship between: 














a) Few lines in spectra—strong electromotive force 
b) Lines of bigh intensity—low polar numbers (1-3) 


average intensity for the brightest line. The values refer to the 
arc spectra, while a similar table of the spark spectra would show 
the same regularity. This fact supports the theory that the 
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spectrum of an element is not the result of a great number of 
homogeneous atoms capable of forming many centers of vibration, 
but the average result of a number of different atoms with char- 
acteristic centers of vibration. Only by this assumption at present 
can the relationship between number of lines and intensity be 
explained. Accordingly an element does not consist of uniform 
or homogeneous molecules or atoms, but may exist in a variety of 
molecules or atoms. Each single molecule or atom emits its char- 
acteristic frequencies, and we observe the characteristic lines or 


TABLE VI 
THE Tota NUMBER OF LINES IN THE ARC AND SPARK SPECTRA OF THE ELEMENTS 
GIVEN FOR Eacu PERIOD 


The numbers in the last column are approximately 8:40:320 or as 1:5:40 

















| Torat No. or Lines | AVERAGE No. oF | 
PER PERIOD IN | LINEs IN | 
No. ai Arc | Sparx 
; 
Pearop | Bumeers | Arc Spark | Arc | Spark | 
| SS « AND STR . eS 
. 1} sz, | %e | 2s = | ‘the 
| n n n 
iinet 
Bek iwuas <. Li-F 7 ag |. 376 3.57 53.71 a 7.67 
i 4 Na-Cl | 7 160 376 | 22.88) 53.71 3.27 7.67 
III | K-Br | -17 11461 12557 | 674.18 | 738.65 | 39.65 | 43.45 
Deitel Rb-I | 16 10476 | 11708 | 654.75 | 731.75 40.92 45.73 
eee | Cs-Bi | 26 30769 27231 |1183.42 |1047.35 45.52 40.28 
Spare | Ra-U | 5 7300 | 7963 |1461.20 |1592.60 | 292.24 | 318.52 


series of lines. Different lines or different series of lines of an ele- 
ment are emitted by different atoms, that is, atoms with a different 
arrangement of the electrons. A spectrum containing only a few 
bright lines would indicate that the atoms of the element occur 
only in a few species. This is the case with the alkali metals, 
where apparently only a few modifications of the atom with one 
electron exist. That is, this one electron can form only a few 
systems of different frequencies, and the spectrum shows only a 
few lines of bright intensity. A spectrum containing many weak 
lines would indicate that the atoms of the element occur in many 
species. Iron, for example, has a number of free electrons which 
may form many different systems, each system having its char- 
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acteristic vibration or vibrations mathematically connected, and 
the net result would be many lines of weak intensity. 

This theory would not explain the non-homogeneity of the lines 
and their displacement by different physical agencies but would be 
supported by the valence theory and magneton theory of Parson. 

A mathematical relationship, for which there is at present no 
explanation, is shown in Table VI. In this table the total number 
of lines of a period is given. If this sum is divided by the number 
of the elements, of which the lines have been counted, we get for 
the first two periods values of about 60 (lower values in the table 
must be due to incomplete spectra, which is a result of the physical 
form of these elements, many of them being gases), for the follow- 
ing two periods about 700, and for the last two periods about 1100 
and 1500. If these average numbers of lines are again divided by 
n, the approximate values 8, 40 (320) are obtained. 


CONCLUSIONS 


Elements of strong E.M.F. (e.g., halogens, alkali metals) have 
an arc and a spark spectrum composed of few lines, while elements 
of weak E.M.F. (e.g., iron group, rare earth metals) have an arc 
and a spark spectrum of many lines. 

Elements with polar numbers 1, 2, 3 have lines of great intensity, 
while elements with polar numbers over 5 have lines of weak in- 
tensity. 

For the majority of elements (non-metals excepted) the constant 


K=" is nearly equal, where L is the total number of lines of an 


element and / the arithmetical sum of the intensities of these lines. 

The theory is advanced and supported that the spectrum is the 
average result of a certain number of different atom “species”’ 
of the same element; elements with strong E.M.F. having few 
species, those with weak E.M.F. having many species. These 
species manifest themselves by the different valences of elements. 

An unexplained relationship exists among the six periods when 
the sum of the total number of lines of a period TL is divided by 
the number of elements or n’. 


BERKELEY, CAL. 
June 1918 











MINOR CONTRIBUTIONS AND NOTES 


CORRECTION OF OPTICAL SURFACES 

In the June, 1918, number of the Astrophysical Journal Pro- 
fessor Michelson pointed out that the method described by me in 
the Philosophical Magazine (6), 35, 49, 1917, was unsuitable for 
the correction of large mirrors and lenses, since it would require 
for that purpose an interferometer having mirrors of equally large 
dimensions. 

The criticism is just, as applied to the use for large lenses of the 
particular form of apparatus there described. 

The form preferred by us for large lenses is as shown in Fig. 1 
below, which is self-explanatory. Full descriptions, both of this 
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form and that described in the Philosophical Magazine, are given 
in the British Patent 103832 of 1916 and United States of America 
Patent 1253308 of 1918. ‘The form used for microscope lenses is 
given in Fig. 2, while Fig. 3 shows the method applied to a complete 
optical instrument, in this case a microscope. 

Admittedly the method described by Professor Michelson has, 
when applied to the special case of a concave mirror, the undoubted 
advantage that no large optical element other than that under test 
is needed. Whether this advantage is outweighed by the fact that 
the test consists of a series of observations on one point after 
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another of the element under examination (whereas in the forms of 
interferometer I have described the entire wave-front coming from 
the optical element is seen at a glance) can best be decided by 
experience of both methods. 

Some years ago we tried a method of Dr. Chalmers which in 
principle is similar to that of Professor Michelson,’ and it would 
seem from our experience that my own method is far more con- 
venient for optical elements of such size as we have had occasion to 
correct recently. At the present time we have in our workshops 
ten of these interferometers in constant use, but the largest is only 
designed for a 5-inch beam, since recent requirements have not 
given us an opportunity of using the method for really large work. 

I take this opportunity of acknowledging what is very obvious, 
namely, my indebtedness in this matter to Professor Michelson, 
whose original interferometers, besides serving many more impor- 
tant purposes, were the origins of these forms I have described. I 
must also not fail to make known the great part taken in developing 
these interferometers and their uses by Mr. Alfred Green, chief 
optical foreman of Adam Hilger, Ltd. It is to his fertility of sug- 
gestion that the many forms we have tried are in great part due. 

° F. TwyMANn 

ApAM Hitcer, Ltp., LONDON 


RESEARCH DEPARTMENT 
August 20, 1918 


RADIAL VELOCITY OF 2 LEONIS 


This well-known visual binary (a = 9"23™, 6 = +9°30’, 5“6, spec- 
trum Go) was stated by the writer to have a variable radial velocity 
over ten years ago. My preliminary measures gave a change of 
velocity between the first and second plates of over 20 km, but no 
such range was found in later spectrograms, of which nineteen have 
been gradually obtained. With the omission of the second plate, 
No. IB 525, the resulting values of the radial velocity are as follows. 
The measures of 17 plates were made by Mr. E. P. Hubble in 

* For description see Proceedings of the Optical Convention (1912), p. 156. Pub- 
lished by the University of London Press. 


2 Astrophysical Journal, 25, 61, 1907. 
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familiarizing himself with the use of the Hartmann spectrocompara- 
tor early in 1916. ‘Two plates taken later were recently measured 
by Miss Evelyn W. Wickham, who used the Gaertner machine, 
with reduction by the Cornu-Hartmann formula. 











Plate Date G.M.T. Taken By Velocity Quality 
i= 1905 Feb. 3 215 som B,S — 7.6km) Good 

715......| 1906 Mar. 30 16 10 F,S — 3.6 Good 
ae Dec. 14 20 17 B, S — 5.3 Good 
ee Dec. 17 23 00 B,S — 0.4 Good 
940......| 1907. Jan. 4] 23 00 B,S | — 6.8 Good 
1540......| 1908 Mar. 20 18 09 L,, Bye — 6.6 | Good 
ae Apr. 11 | 17 19 iino — 5.9 Good 
re66..... Apr. r2| 16 2; L, S | — 6.0 Very weak 
a Apr. 13 | I5 40 B,S | — 4.8 Weak 
2 Apr. 18 14 38 L, S | -06 Weak 

| 
5560..... | Apr. 20 I5 O1 B,S — 1.8 | Weak 
2000.4... 1 Dec. 28 22 20 B,S | — 7.2 Good 
1906......| 1909 Jan. 25 20 05 B,S | —1z0.2 | Good 
4081......| 1915 Mar. 30 17 13 F,S | — 4.4 | Fair 
4352......| 1916 Jan. 7 20 50 Cr, 5 cr, ae Fair 
a ee Jan. 17]. 21 28 cy. & | — 12.6 Fair 
O67855 5401 Jan. 18 20 30 H.S + 1.4 | Very good 
eT oe Apr. 14 I5 55 H,S | — 8.0 Weak 
4850......| 1937 Apr. 6 14 59 M,S |} — 3.3 | Good 
| | | 


—EEE 


B= Barrett; Cr= Crump; F = Frost; H= Hubble; L = Lee; M = Monk; S=Sullivan. 


While examining the plates of this star, Mr. George S. Monk 
applied to the second plate, IB 525, the criteria for type in use at 
Mount Wilson. He found its spectrum to be about K3, while the 
other plates of 2 w Leonis yielded Go to G2. He suggested that 
this plate was not of 2 Leonis but of the neighboring star, 3 Leonis 
(5@8), which has the same right ascension and is almost 1° south in 
declination. ‘The spectrum is classed as Ko in Harvard Annals, 50. 
We then arranged to take a plate of 3 Leonis, which was measured 
by Mr. Monk with the result p=+20km. This is in agreement 
with my preliminary measure of +18 km for IB 525, for which 
Mr. Hubble obtained +24.4 with the Hartmann spectrocom- 
parator. I therefore believe that Mr. Monk’s suggestion is cor- 
rect, that IB 525 is a plate of 3 Leonis, an error having been made 
in picking up the star in the finder. The basis for the original 
statement as to 2 w Leonis is thus removed. The range of 11 km 
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in the measures of one-prism plates given above leaves the star 
still open to suspicion, but hardly establishes a variation. If con- 
sidered constant, the mean radial velocity from the period 1905 
to 1918 may be taken as—4 km. 


The data for 3 Leonis are: 
Plate Date G.M.T. Taken By Velocity Quality 
IB 525 1905 March 3 17°53™ F, B,S +24 km Good 
4855 1917 April 2 14 53 M,S +20 Good 


EpwIn B. Frost 
YERKES OBSERVATORY 
November 1918 





PRELIMINARY NOTE ON 66 ERIDANI 


This star, for which a=52™, 6=—4°47’, Mag. =5.2, Spec- 
trum = Ao, is an interesting spectroscopic binary having the lines 
of the two components about equally strong. 

The lines happened to be single on the first spectrogram, taken 
on October 1, 1915, but their appearance aroused my suspicions, 
and the next plate showed a wide separation, corresponding to a 


relative velocity of about 240km per second, the components 
yielding +150km and —9gokm. These are in fact the extreme 
values so far obtained. After I had measured the third plate, the 
sudden detachment of the right retina postponed indefinitely the 
use of the measuring machine, and the sixty spectrograms since 
secured have been measured by various assistants, as will be 
specified when the orbit is published. 

Considerable time was spent in discovering the period, in which 
work I was assisted by Mr. Julius Lemkowitz, then computer here. 
It is closely 5.52 days, and if a few plates are obtained this season 
at the most suitable phase, it should be determinate to the third 
or fourth decimal, so that we shall have the necessary material 
for a good orbit. The period during which the components cannot 
be separately measured is something over six hours. The pre- 
liminary velocity-curve implies a small eccentricity. The motion 
of the system is not far from +30 km. 

EDWIN B. FRost 

YERKES OBSERVATORY 

November 1918 





